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2/ g 7> ABSTRACT / XY

Extensive research on the fabrication and performance testing of
spherical powder tungsten ionizers is described. Research of the
entire spectrum of powder metallurgy, from powder classification through
.naracterization of the ionizers fabricated, is also described. Ion-
ization testing of classified spherical powder ionizers, at three dif-
ferent levels of pore size refinement, was performed. The data pre-
sented indicate that successive refinement of pore structure leads to

progressively improved ionization performance. 'q (J‘Tﬂ&'(
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SUMMARY

Extensive research on the fabrication and performance testing of
spherica. powder tungsten ionizers is described., By holding constant
all febrication parameters except powder size distribution, an ionizer
series of increasingly fine porosity was prepared. Thus it became
possible to ascertain the effect of pore structural refinement on ion-
ization performance at essentially constant levels of ionizer density
and purity,

Research on the entire spectrum of powder metallurgy, from powder
classification through characterization of the ionizers fabricated, is
described, Ionization testing of classified spherical powder ionizers,
at three different levels of pore size refinement, was performed, Per-
formance of this select series is compared to that of relatively coar- .-
structured Hznreduced ionizers, available commercially in large size.
The data presented indicate that successive refinmement of pore structure
leads to progressively improved ionization performance, Use of the
finest classified starting powder increased the number of pores per
unit area by a factor of >5, and reduced mean pore size by a factor of
about 0.4 (based on comparison with ionizers from coarse unclassified
powder). Thus, the improved ionization performance of the finer pore
atructures appears to be associated more closely with increased pores
per unit area than with reduced pore size,

In recognition of the fact that fine pore structures have inherent-
ly less thermal stability (than coarse structures), due to their larger
specific surface areas, a study of the stabilizing effect of tantalum
and chromium on spherical tungsten powder was conducted, No stabili-
zation of porous sintered tungsten by chromium was detected, On the
other hand, tantalum is indicated to be very promising, markedly
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reducing the sintering rate and increasing the thermal stability of
tungsten, Microscopical evidence is presented to demonstrate, however,

that addition of tantalum in particle form does not lead to fine uni-

form porosity, consistent with efficient ionizer performance. Use of
an advanced technique, wherein fine tungsten microspheres are precoated
with tantalum and with other probable (diffusion) barrier elements,

forms the basis for the follow-on program NAS3-5248.
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1, LNTRODUCTLION

This report describes :esearch on the fabrication and ionization
testing of porous ionizers, The research program is a logical con-
tinuation of the preceding NAS 8-2547 contract, details of which have
been reportedl. The primary objective of the present contract is the
improvement of materials and fabrication technologies and development

of ion emitter buttons for use in electrical propulsion systems,

The precéding research program1 demonstrated numerous metallur-
gical advantages of using spherical tungsten powder as the basic

element of ionizer construction. In addition, a marked improvement in

ionizacion performance was demonstrated, despite the fact that relatiyely

coarse spherical particles, having a broad size distribution, were used
for construction, The combination of structural uniformity, good per-
formance, and high purity of these first spherical powder ionizers in-

dicated that further research was well warranted,

Toward the goal of further improved performance, the current
program was designed by NASA to encompass the complete powder metal-
lurgical process, from method of spherical powder classification
through powder size analysis, ionizer fabrication, infiltration, in-
filtrant removal and pore characterization., This broad program led,
in turn, to an unusually detailed knowledge of the ionizer buttons

tested subsequently for ionization performance,

The scope of the research reported herein includes the following
primary phases: '

I, Classification, Size Analysis, and Chemical Analysis
of Spherical Tungsten Powder

1.M. LaChance and G. Kuskevics, "Ionizer-Reservoir Development Studiea"
Electro-Optical Systems, Inc. 2150 Final Report, May 1963,
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II.

I1I,

1v.

3720-Final

Infiltration of Compacts of Spherical Tungsten Powder

Fabrication and Pore Characterization of Sintered

Spherical Tungsten Powder
Ionization Performance of Sintered Tungsten Powder

Effect of Ta and Cr on the Sintering and Structure of

Spherical Tungsten Powder
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2, CLASSIFLCATION, SIZE ANALYSIS, AND CHEMICAL ANAJVSIS OF SPHERICAL

TUNGSTEN POWDER

The objectives of the work described in this section were (1) to
determine the optimum classification method for spherical tungsten
powder, (2) to obtain size fractions containing >75 percent by count
of particles within the 1-4, 3-6, and 4-8 micron diameter rangés, and
(3) to determine a reliable means of particle size analysis, Four
methods of classifying and three methods of particle size analysis were
tried, In addition, the initial purities of the powders used in the

research were determined,

2,1 Classification Methods and Results

2.1,1 Wilfley Tabling

Approximately one pound of spherical tungsten powder
was processed on a Craig Concentrator table., This unit had a 72" x 36"
bed, coated with polyurethane plastic, and was equipped with both con-
cave nd raised riffles running parallel to its length. The powder in
water slurry form was introduced into the feed box at the highest corner
of the table bed, Through the combined forces of flowing water, gravity
and longitudinal reciprocation of the bed, the powder was moved toward

the lowest or discharge corner,

Thirteen powder samples, one from each table riffle,
were collected and examined microscopically, All samples contained the
same variation in particle size as did the initial unclassified powder.
Thus the Wilfley test indicated no promise for the separation of tung-
sten microspheres, While it is believed that some degree of classifi-
cation may be achieved by modifying table design (shallower riffles,
riffle spacing, angle of incline, etc,) it is improbable that sufficiently
sharp separations could be obtained by this method,

3720-Final 2-1



2,1,2 Kinetic Water Film

A simple experiment was conducted to determine whether
tungsten microspheres could be separated by the mechanism of differen-
tial velocity within a thin film of flowing water., For this, a jet of
water was impinged tangentially onto a 23" x 16" glass plate, to yield
a kinetic water film, The glass plate was inclined at angles varied
between 10° to 15° from horizontal and the water nozzle was center
positioned at the lower (longer) edge. Spherical tungsten powder (as a
slurry with methanol) was injected by eyedropper into the water stream,

immediately in front of the nozzle tip,

Maximum water velocity occurring at the point of im-
pingement, the film spread fan-wise over the plate and moved toward the
lower edge., In such a pattern, it was reasoned that the largest and
heaviest tungsten particles would move to the bottom edge to a position
Closest to the inlet, while the smallest particles would be carried up
and outward to the furthest distance, In actual test, the following

effects were noted;

1. adherence of the tungsten particles to the glass,

with subsequent blocking of particle flow,

2, backing~up of the water film at the lower edge of
the plate, due to surface tension, with horizontal
movement of powder particles in the water trough

thus formed,
3. agglomeration of the tungsten particles;
4, need for large water-to-powder volume,

The test was repeated with the lower edge of the glass plate rounded,
Effect 2 was reduced, consequently, but not eliminated, It was con-
cluded from these tests that classification in a kinetic water film was

not feasible for fine spherical tungsten powder,.

3720-Final 2-2
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2,1,3 Water Elutriation

This method of classificaticn is based on Stokes
principle of free fall of a solid body in a fluid medium, assuming
laminar or non~turbulent motion, According to Stokes' Law, terminal
velocity of settling is given as!

2
2gr (p-0p)

2
- e———tl g .92
Vo e (217.92¢°)

PP,
i

Where
g 1s acceleration of gravity in cm/sec2
r 1is particle radius in cm,
(ps-pf) is differential density between solid and fluid, and

n 1is absolute viscosity of fluid in poise or gm/cmesec,
For tungsten particles of Py = 19,3 g/cm3 in water at 25°C,

Where P = 1,0 g/cm3 and

n o= (8.937) (10) ™3 poise,

Stokes' expression reduces to

vy = (4.459) (10)° (r)°.

Using this reduced expression, a multi-tube Morgan elutriator was de-
signed according to the calculated values of Tabl!e 2-I. In operation,
the water-tungsten mixtures would enter the lower end of a vertical
column 1,588 cm in diameter at a volume flow rate of 0,141 cm3/sec.
According to the calculation, the upward current would equal the ter-
minal settling velocity, 0,071 cm/sec, of 8-micron diameter tungsten
particles, Particles <8 microns in diameter would be carried upward
and into the bottom of the next vertical column of 1,815 cm diameter.

designed to suspend 7-micron-diameter particles, etc,

A Morgan elutristor was assembled for testing, with
the first and smallest column of 1,6 cm diameter, to make a single sep-
aration of 48 micron from >8 micron particles, This equipment is shown

in Fig. 2-1, At the upper right of the photo is a 5-gal. reservoir

3720-Final 2-3
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FIG. 2-1 VERTICAL-TUBE
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MORGAN WATER ELUTRIATOR
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of'distilled water - .05 Vol, percent Aerosol''solution, This solution
is introduced through a Tygon siphon into a constant-head bottle and
then into the vertical feed system, At the top of the photo is a
variable-speed stirring motor with stirrer in operating position, The
tungsten feed powder (also in .05 percent Aerosol solution) is contained
in a separatory funnel, the bottom end of which contains a hole suffi-
ciently large for a drop-by-drop feed, This down feed combines with the
water feed, flows through a capillary tube at the lowest part of the
assembly, and into the elutriator tube proper, Flow rate of solution

is carefully maintained at 0,141 cm3/sec by measuring the volume dis-

charge rate from the top of the elutriator tube,

In operation of the elutriator, difficulties with
clogging and maintaining a constant volume-flow rate were encountered,
Clogging of the U-tube (bottom of Fig, 2~-1) was first observed, A l-mm
diameter capillary tube was substituted to increase linear velocity at
this location, This reduced the clogging tendency, however, a second
and more serious clogging then occurred in the conical inlet at the
elutriator tube bottom, Clogging at this location was also reduced,
but not eliminated, by a preliminary sedimentation and decantation step
to remove the larger and heavier particles, The elutriator column was
operated for a cumulative time of approximately 10 hours, Particles
passed, totaling less than 1 gram, were examined microscopically and
very few oversized particles were observed, However, because of the
low yield and the clogging difficulties inherent with this design, no

further tests were conducted,

2.1.4 Cyclonic Air

To obtain sufficient quantity of a sized tungsten
powder for this research, various manufacturers of cyclonic-air powder
separators were contacted, From among these, the Sharples Corporation
of Bridgeport, Pennsylvania was selected, since this firm was equipped
to classify small sample lots on a service basis, and to furnish com-

plete particle-size analysis data for the fractions separated,
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Two lots of Linde spherical tungsten powder (Electro-
Optical Systems Lots D and E) were submitted to Sharples for separation
in their K8 Super Classifier, The principle of operation of this unit
is as follows, Feed material falls onto a rotating distributor which
accelerates the powder, deflecting it downward into the center area of
the classifying zone, Air flow, ianduced by an exhauster downstream from
the classifier, enters the classification zone through a vane assembly,
This assembly produces an air vortex of the proper angle for the separa-
tion desired. The vortex angle and rotor speed are adjusted to set the
selected separation point, Particles coarser than the separation point
are carried outward by ceatrifugal force, until they impinge on the
coarse collector ring which guides them to the dual coarse discharge
outlets, Particles finer than the separation point are carried inward
by the drag force of the air vortex and pass into a fines discharge

scroll, and then to the fines collector.

To determine the sharpness of separatioms achieved,
both powder Lots D and E were analyzed by the Sharples Corporation,

Results are presented in the following section,

2,2 Pparticle Size Analysis - Methods and Results

2,2,1 Micromerograph

Particle~-size distribution of Lots D and E spherical
tungsten powder, and of the powder fractions separated therefrom, were
determined in a Sharples Micromerograph Analyzer, The Micromerograph

consists essentially of three parts, described as follows.

1, Powder Deagglomerator

The deagglomerating system consists of a source of
high-pressure dried gas, a charging solenoid valve,
a small pressure chamber, a "firing" solenoid valve,
a powder chamber, and the deagglomerator proper.

The deagglomerator itself consists of an accurately

machined and polished cone which fits a mating
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conical seat, The annular rejion between these
surfaces forms the deagglomerating space, The
spacing may be set to the desired value by turning
a lever, which is calibrated directly in microns,
When the "fiving'" button is pressed, the pressure
chamber discharges through the powder chamber and
carries the powder through the deagglomerator where
the powder is dispersed by the viscous shearing
action of the gas., By varying gas pressure and
deagglomerator opening, controlled deagglomerating

forces of the proper size may be created.

2, Sedimentation Columa

Made of aluminum insulated with a fiberglass blanket,
this tube is 85 inches long and 3-1/2 inches in

inside diameter, The large settling distance (220 cm)
compared with the relatively small dimensions of

the burst of particles from the deagglomerator

makes insignificant any difference in settling

times of particles of the same size,

3. Servo-Electronic Balance and Recorder

The falling particles collect on the balance pan
and are weighed by the current required to maintain
the balance in the null position, Due to the action
of the servo-electronic system, the total deflection
of the balance pan is imperceptible to the eye.

The record on the chart is, at any point, a measure
of the total weight accumulated on the pan for a
given interval of time from the start of the de-
termination, In accordance with Stokes"Law, time
of fall of a particle through the column is in-
versely proportional to the square of the particle

diameter and to the density of the particle, A
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simple transparent overlay template, incorporating
the constants of proportionality for the Micromero-
graph, provides the means for deriving the data for
plotting a complete particle-size distribution

curve,

Particle-size distribution data are given in Table 2-IL
for Lot D tungsten microspheres prior to classification, These data
indicate that only 27,5 wt, percent of the particles were less than
10 microns in diameter, However, 27,5 percent by weight is equivalent

to 94.8 percent by number,

Nine fractions were separated from the Lot D micro-
spheres, Analyses data for these fractions, determined by Micromerograph,
are also given in Table 2-1I1, Here, brackets are drawn to indicate the
size range groupings containing the maximum numbers of particles, Photo-
micrographs of the unclassified Lot D powder and of Sharples' Run
Numbers 9, 7, and 1 are shown in Fig, 2-2, For these photomicrographs,
the particles were dispersed in a 0.5 percent aqueous solution of sodium
silicate and contained between thin glass slides, To provide adequate
contrast, the sample slides were photographed against a highly-polished
steel backing, In Fig, 2-2, it is important to note the coherence of
small particles (Run No, 1) and of small particles to large particles,
This agglomerating tendency is related, very probably, to the difficulty
encountered in water elutriation (previously described) and to the
problems associated with electronic particle counting (described sub-

sequently),

In order to obtain percentages of particles within
still narrower size ranges, as well as to increase the percentage of
usable powder, the Linde Company was requested to supply microspheres
having a much higher percentage of less than 10u-diameter particles,
Ten pounds of a much finer powder (described subsequently as Lot E)
were produced and were analyzed by Micromerograph, Results are listed

in Table 2-III, Here the weight percentage of less than 10y particles
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Un-lassified Run No. 1

Run No. 7 Run No. 9

PHOTOMICROGRAPHS AT 600X MAGNIFICATION OF LINDE SPHERICAL TUNGSTEN
POWDER SHOWING INITIAL SIZE DISTRIBUTION (UPPER LEFT) AND THREE
SIZE FRACTIONS OBTAINED FROM SHARPLES K8 CLASSIFIER,
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is indicated to have increased (from 27,5 for Lot D) to 92,7, corres-
ponding to an increase by count (from 94,8 for Lot D) to more than 99,1,
The size distributions of Lot I and E powders are compared graphically

in Figo 2‘30

The special fine powder of Lot E was classified in
the K-8 cyclonic air unit, Datails of this separation are included in
pages Al through A6 of the Appendix as ''K-8 Sharples Classifier Report
No, 1374." Pages A2 and A3 describe the classifier setting, feed
weights, yields, and losses; page A4 shows a flow sheet of the successive
separations made, pages A5 and A6 show the particle-size distribution
curves for the unclassified starting material and for the fractions
separated, recspectively, The classifier report indicates the use of a
duplex process sequence, wherein each separation was performed twice
at the same classifier settings to remove a greater percentage of fines,
thus decreasing the peccentage of such fines carried over as feed
material in subsequent cuts, It is obvious that the duplex separation

scheme must increase the sharpness of separations obtained,

Data extracted from the curves of pages A5 and A6,
Appendix, were converted by calculation from percentage by weight to
percentage by number, Results of this conversion are listed in Table
2-I1I, with brackets to show the narrowest groupings of the 'percentage
by number’ data, In general, the fine powder fractions have narrower
groupings than do the coarser fractions, Particle frequencies drop
sharply at the fine ends of the distributions and tail-off rather
gradually at the coarser ends, This tail-off effect is more pronounced
for the coarser fraciions, an inherent characteristic of cyclonic air
classification, Data of Table 2-III also show that all 0-lu particles
were lost during classification, This occurrence is referred to as
blow-out, Finally, it is pertinent that classifier run Nos. 4 and 4A,
performed at identical classifier settings, have very similer particle

size distributions,

3720-Final 2-13



Bc)ﬁﬁ -
70H i
LOT E SPH.TUNG.POWDER
2‘60 AVGPART.DIAz091p  —
- b 7 LOT D SPH.TUNG.POWDER
o S50 A AVGPART.DIA=347n -
® [
g ol -
(L] e
< i
< E
@ 30§ —
w " f
» 258
a
Z:2 : n
u_ .
w _E
o |15} -
Z
g
w of -
4 F
Q
-
14
<
Q. -

%///////////AZ’///////I/”/ rrrrreeesses ]
10 IS 20 25 30 35
PARTICLE DIAMETERS, microns

FIG. 2-3 GRAPHICAL COMPARISON OF PARTICLE SIZE DISTRIBUTION,
OBTAINED BY MICROMEROGRAPH ANALYSES, ON AS~PRODUCED
LOT D AND LOT E SPHERICAL TUNGSTEN POWDER

3720-Final 2-14



[

b A R Y D+ asn . AR IR B+ L s 1o P

o sk e e

N i i Ry ¢

[PIT D Ui

2.2.2 Microscopic Measurement

In order to check the Micromerograph particle distri-
bution analyses, two microscopic counts were conducted >a Lot D7 micro-
spheres (refer to Table 2-1L and Fig.?-2), Glass slides of the powder,
dispersed in 0,5 percent sodium silicate solution, were prepared and
optical traverses were made on a metallograph, Measurement of particle
diametcers was made with a calibrated Reichert micro-hardness reticule,
This device permitted each particle to be focused within u square frame,
the size of which was adjusted by means of a calibrated micrometer
screw, Comparison of the two 500-particle counts with Micromerograph
data is given in Table 2-1V, Here it is noted that the No, 1 and No, 2
counts are in reasonable agreement with each other, but that they are
slightly offset from the Micromerograph determination, Considering the
inherent difficulties of optical measurement, and the relatively
limited number of particles mcasured, the data of Table 2-1IV demonstrate
the general agreement of the microscopic and Micromerograph methods,
Further, the acceptance of the Micromerograph by industry as a rapid
and economical tool for analysis serves to rule out use of the tediovus

and costly microscopic method,

2.,2,3 Coulter Electronic Counter
In order to check particle size distribution data
obtained by the Micromerograph and microscopic methods, four samples¥
of spherical tungsten powder were analyzed by the Coulter method. The
analyses were performed at the Particle Data Laboratories of Elmhurst,

Illinois,

The Coulter electronic method is described in the paper
"Electronic Size Analysis of Subsieve Particles by Flowing through a
Small Liquid Resistor', by R, H, Bergt*, published by the ASTM in 1958,
Briefly, "suspension of particles in conductive liquid rlows Ehrough

CEE —— - ———— Gt W o AT

*  Powder fractions D3, E3, Eb, and E7A,
%% President of Particle Data Labs,
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TABLE 2-1IV

COMPARISON FOR LOT D, SHARPLES RUN NO., 7, TUNGSTEN MLCROSPHERES
BETWEEN CONVERTED MICROMEROGRAPH WT. ANALYSIS DATA AND
TWO 500~-PARTICLE COUNTS, PERFORMED ON METALLOGRAPH AT EOS

Particle Calculated Combined
Dia. Size fror Sharples No. 1 Count No. 2 Count No. 1 and 2
Range, Micromerograph on 500 on 500 Counts of 1000
Microns Wt. Data Particles Particles Particles

1-2 0.00 0.20 0.00 0.10

2-3 0.00 1.40 3.20 2.30

3-4 1.37 7.2 5.10

4-5 21.60 10.0% 7.90

5-6 27.73) 73.51 20.40 | 19.40

6-7 24,18 38.40 ) 74.00  40.20) 77.80

7-8 12.47 15.20 18.20

8-9 6.51 4,60 4,60

9-10 3.39 0.80 1.70

10-11 1.52 0.20 0.30

11-12 0.72 0.00 0.10

12-13 0.38 0.00 0.00

13-14 0.14 0.00 0.10
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an aperture wich simultaneous flow of electric current, resulting in
a series of electrical pulses, each pulse being proportional in mag-
nitude to the volume of the particle causing it, The pulses are
amplified, scaled, and counted to provide direct data for plotting

cumuiative frequency against particle size."

Each of the four powder samp’>2s submitted was tested
about 10 times, with variable results, particularly at the small-
diameter settings of the counter, Because of the variations encountered,
particles below 1,81, diameter were not counted and complete '"particle
count vs diameter' curves could rnot be drawn, Therefore, the percen-
tage of total particles within the various particle size ranges could

not be calculated,

An aqueous electrolyte, containing 4 percent Na4P207-10H20
and 0,5 percent sodium silicate, was used for all tests, Tris solution
has been found by PDL to be effective in dispersing other metal powders,
However, it apparently is not an effective, or even a stable, disper-
sant for tungsten microspheres, While these tests have not yielded
the size distribution data desired, they do serve to confirm that
spherical tungsten powder has a strong tendency to agglomerate. For
this reason, it is not amenable either to wet classification or to wet

size-analysis methods.

2,3 Selection of Classification and Size Analysis Methods

Based on the data of Table 2-II1 it was agreed, by technical
representatives of NASA-Lewis and Electro-Optical Systems*, -hat
classification by cyclonic air was the most feasible clas:.ir.. fon
method available and that the program proceed using powder 7:an{ions
E3, 6 and 7A (size distrib, graphs in Fig. 2-4), “u order to in-
crease the anounts of powder required for the wor:, size fractions were
thoroughly reblended as follows; 3 + 3A, 6 + 6A, and 7AF + 7A7, which
fraction combinations were produced at identical classifiev Ceti--gs,

On first consideration, one might think that such recombivation merely

* Meceting of 12 June 1963 at Electro-Optical Systems, Inc,
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reverses what is accomplished by the classifier, However, this is not
the case, By duplicate separation steps, the classifier is given a
double opportunity to remove fines from the relatively coarse feed
powder, such that the second cycle fines are not available for capture
by the subsequent classifier setting., It is believed that the duplex
separations reported represent the best K-8 Classifier procecdure, and
that the sharpness of powder fractions obtained are as good as, or
better than, those obtainable with other types of air classifiers, At
this juncture it was decided, also, to utilize the Micromerograph method
to characterize size distribution of the powders used, The inherent
agglomerating tendency of fine tungsten microspheres when wet has been
discussed, The Micromerograph method for analyses of dry powders is

unsurpassed in the present state of the art,

2,4 Chemical Analysis Methods and Results

All chemical analyses performed undar this contract were done
by quantitative spectroscopy, with carbon by the standard conductomefric
method, For the former, an ARL l,5-meter-grating spectrograph (linear
dispersion first order of 68 per mm) was used, Line intensities were
determined using an ARL Spectroline Scanner (densitometer) with 15 x
magnification, The analyses were performed by the Materials Testing
Labs.of Los Angeles, Standards were prepared as follows; To spectro-
graphic grade WO3 (of guaranteed 99,995+ percent purity) controlled
amounts of 41 different elements were added (as oxides in the greater
majority of cases), Amounts of impurity oxides added were such as to
yield 1,42 weight percent of each impurity element in the master mix-
ture, This master mixture was then dilution blended with various
additional quantities of the base WO3 to yield 7 standards, containing
1000, 300, 100, 30, 10, 3, and 1 ppm levels of each impurity element,

The purities of companion samples of coarse Lot C and of
(relatively) fine Lot E spherical tungsten powders were determined,
Results of these analyses are given in the certified reports of the
Materials Testing Laboratories on pages A6 and A7 of the Appendix,
Purities of the two powder lots are nearly identical, with Lot C having
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a slightly lower copper content Lhan, and approximately twice the carbon
content of, Lot E, The cobalt and zirconium values, indicated as less
than 100 ppm, were analyzed previously on Lot C powder to be approxi-
mately 1 ppm, Totaling the maximum impurity values of the certified
reports and subtracting the totals from 100 percent, the purity of
these powder lots exceeds 99,94 weight percent, This excludes, of
course, the elements 0, N, and H, not detectable by spectrographic
means, Since the Lot C powder (used in the previous contract) was pro-
duced from the same tungsten and by the same method as Lot D powder
(used in this research) it is reasonable to assume that the purity of
the latter is also greater than 99,9 percent, A closely comparable
baseline of initial powder purity is thus indicated for the previous

and current research programs,

3720~Final 2-20



3. INFILTRATION OF COMPACTS OF SPHERLCAL TUNGSTEN POWDER

An investigation of various infiltrants for sintered tungsten
microspheres will be described in this section, The initial objectives
of this phase of the research were to determine (for Cu-B, Cu-Be, Cu-P,

Cu-Te, and pure silver infiltrants) the following;

(a) ability to infiltrate tungsten

(b) particle growth and alloying or other reactions
(by photomicrograph)

(c) machinability of composites

(d) residual elements after vacuum distillation

(by spectrographic analyses)

The research has encompassed the above objectives, In addition, a

Cu-2 Fe infiltrant composition was included for comparison purposes,
since it had been used in the previous research contract, A test to
compare the wetting of tungsten by the various infiltrants was included
and the compositional stability of the various infiltrant baths was

determined as well,

Infiltration of porous tungsten is essential in facilitating
machine operations (sawing, turning, milling, and grinding) where the
relatively soft infiltrant acts as an effective lubricant, Infiltra-
tion also acts to protect the pore openings from closure by metal
distortion during surfacing operations, being essential even in careful

metallographic surface preparation,

Prior to the present contract, infiltration of sintered tungsten .
compacts had been done by immersing them in a Cu-2 wt, percent Fe bath
at 1200°C for 30 minutes, The investigation reported here compares
the merit of six infiltrant compositions, one of which is essentially

the same as the Cu-Fe alloy previously used, The experimental work
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included; (1) preparation of infiltrant :lle,s and sintered tungsten
compacts, (2) infiltration and wetcbility testing, _  compositinnal
stability of infiltrant baths, (4) machinability of infiltrants and
infiltrated compacts, (5) microstructures of infiltrated compacts,

(6) density and permeability of infiltrated compacts after vacuum dis-
tillation, (7) residual infiltrant elements in compacts after vacuum
distillation, and (8) conclusions of infiltration study, The inves-

tigation will be discussed in this sequence,

3.1 Preparation of Infiltrant Alloys and Sintered Tungsten
Compacts

Five binary copper-base alloys and pure silver were prepared

for evaluation as infiltrants, The copper, silver, and tellurium con-
stituents were of 99,9994 percent purity and were purchased from the
American Smelting and Refining Co., Boron crystals of 99,15 percent
purity from Matheson Coleman and Bell, C, P, grade Cu6P2 (fused lump)
from Amend Drug and Chemical Co., Pechiney beryll um (lump) of 99,25+
purity furnished by ASD-Wright Patterson, and high purity electrolytic
iron were used, The binary copper-base compositions weve prepared with
2 atom percent of the additives B, Be, Fe, P, and Te, Constituents
were sealed under vacuum in quartz capsules and heated to 1200°¢C for

2 hours, to effect complete melting and/or solution of the adaitives

and homogeneous alloying,

The porous sintered tungsten to be infiltrated was fabricated
from Lot D spherical powder, size fraction 8, The powder was comprised
of 67 percent by number of the total particles in the 5-9u diameter
range* and was selected with the approval of NASA-Lewis technical repre-
sentatives, Eight compacts were pressed hydrostatically at 56,600 psi
and subsequently vacuum siutered at 1800°C for 10 minutes and at 2000°C

for 60 minutes,

3.2 Infiltration and Wetability Testing

Infiltration of the porous sintered compacts was accomplished

* Complete size distribution given in Table 2-II,
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by immersing th=m individually in the various molten infiltrant baths,
First, a prealloyed infiltrant ingot was melted under hydrogen in a
quartz boat, placed within a resistor-wound quartz tube, The tungsten
compacts then were preheated for 10 minutes, adjacent to the bath, to
minimize surface oxides prior to immersion, Bath temperature and time
were held constant at 1175°C and 30 minutes during the six immersions
performed, After removal of the samples, the six infiltrant baths were
held at 1175°C for an additlionai period, such that total time in the
molten state totaled 60 minutes, This was done in order that subsequent
analyses of additive concentrations would be significant indications of

infiltrant compositional stability,

In conjunction with immersion of compacts, a technique for
rating the wetting of tungsten by the various infiltrants was used,
Each compact was cradled in a frame of sheet tungsten throughout the
preheating, immersion and cooling periods, This test arrangement is
shown in Fig, 3-1, The extent to which the various infiltrants coated
the tungsten, and the completeness of coverage, are showa in Fig, 3-2,
The extent of wetting or alloying appeared to decrease in the order
Cu-B, Cu-Fe, Cu-Be, Ag, Cu-Te, and Cu-P. The Cu-B alloyed extensively
with the tungsten, such as to effect disintegration of the frame, Cu-Fe
coated the tungsten surface with a thin continuous layer, The Cu-Be
alloy provided a relatively thick continuous coating, the surface of
which was oxidized, (This oxide is believed to be Be0O, formed by re-
duction of H20 vapor¥* by Be, This same oxide was observed as a dross
on the surface of the Cu-Be bath,) The pure silver bath wetted the
tungsten discontinuously, as did the Cu-Te to a lesser extent, Wetting
by Cu-P was nil, From these tests, it is concluded that Cu-Fe has the

most favorable wetting characteristic, followed by Cu-Be,

* Water vapor in HZ atmosphere, originating from burning H2 at furnace
tube exit,
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FIG., 3-1 ARRANGEMENT Or' SINTERED TUNGSTEN COMPACT WITHIN TUNGSTEN
FRAME AND QUARTZ BOAT
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FIG. 3-2 WETTING OF TUNGSTEN SHEET BY VARIOUS INFILTRANTS
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3.3 Compositional Stability of [nfiltrant Baths

The compositional stability of an infiltrant bath in service
is pertinent to its continued effectiveness and to the quality control
of the ionizers infiltrated, Therefore, determinations of infiltrant
losses were included in this investigation, Chemical analyses of the
various baths, after immersion of the tungsten compacts and being held

molten at 1175°C for a total of 60 minutes, are listed in the following

tabulation,
Binary Initial Final Loss, % of

Additive Composition  Composition#* Initial Analytical

to Cu Bagse Atom% Wt, 4 Atom% Wt,% _Additive Method
B 2,0 0,346 1,91 0.33 4,5 Spectrographic
Be 2,0 0.289 1,52 0.22 24,0 Spectrographic
re 2,0 1,762 1,99+ 1.76 < 0,5 Wet
P 2,0 0.986 1,98 0.975 1.0 Wet
Te 2,0 3.937 1,93 3.81 3.5 Wet

* All baths contained a trace of dissolved tungsten, defined as £0,1 wt,

Loss of beryllium was highest at 24 percent of the amount
added, followed by boron, tellurium, phosphorus and iron, in decreasing
order, The relatively large loss of beryllium is believed to have re-
sulted from the Be + H20 = Bel + H2 reaction, the low-density BeO
reaction product rising to the hath surface and being removed when the
surface of the analytical sample was cleaned, The results tabulated
above indicate that the Cu-Fe infiltrant was the most stable in the
moist hydrogen atmosphere, followed by Cu-P, Cu-Te, Cu-B, and Cu-Be,

in order of decreasing compositional steL:lity,

3.4 Machinability of Infiltrants and Infiltrated Compacts

Machinability of the infiltrant alloys per se, and of the
infiltrated tungsten compacts, was determined, All information pertinent
to the machinability testing is given in Fig, 3-3, Information on chip
toughness, breakage and length, plus ratings of machinability by the

machinist, are.given in Table 3-I. Thece ratings, while necessarily
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HIGH-SPEED STEEL TOOL, BESLY MOMAX-COBA H, STYLE 956

3720-Final .



TABLE 3-1 COMPARISON OF MACHINING CHARACTERISTICS
OF VARIOUS INFILTRANT COMPOSITIONS.

Infiltrant Tests on Infiltrant per Se ;Tests on Infiltrated Tungsten
IComposition Chip Ratingéa)h~ éﬁi?~u§9§§5§;::9§;9:3§§19 " TMachinist's
: ough-{Break- | Tough-,Break-;Preference
ness _lage ness age IRating (b)
Silver 2 2 short 2 2 b5
Cu-Fe ; 4 4 medium 4 1oa 2
‘Cu=Be : 5 3 j medium b5 } 3 1
4
iCu-Te 1 1 i very short 1 1 3
i .
C -P ’. 3 5 long 3 3 4
' i (tight curl) ; ‘
Cu-B é 6 6 { very long 6 ;6 l 6
, £ (quite | : :
{ { straight) Ajﬁ I i
K j

(a) Chip Rating - #1 rating indicates least tough, best-breaking chip

(b) Machinist's Preference - #1 rating indicates most favorable over-all
machining characteristic,




relative in nature, are based on extensive machining experience on
experimental materials, Machinability of compacts infiltrated with
Cu-Be, Cu-Fe, Cu-Te, Cu-P, and Ag differed only slightly, all being
very satisfactory and causing no detectable tool wear, However,
machining of the compact infiltrated with Cu-B proved to be impossible
with the high-speed-steel lathe tool, Using a tungsten carbide tool,
it was machined with great difficulty and with appreciable wearing of
the tool, The hardness of this compact is balieved to have resulted

from reaction of the tungsten with boron, to form hard tuagsten borides,

e w——

The variously infiltrated compacts were machined to test
buttons (3/16-inch diameter x 0,04-inches thick) for metallographic
examination of pore structures, Typical structures are shown in
Fig. 3-4, Based on examination of pertinent features (such as width of
tungsten diffusion bridges, frequency of occluded voids, tungsten par-
ticle size, and degree of tungsten agglomeration) any effects of various
infiltrants on the structures do not differ significantly, Some dif-
ference in shade of the infiltrants is apparent, as effected by slight
differences in their etching character, Further, some localized dif-
ferences in density are probable, However, these are believed related
to the fabrication of the samples, rather than to infiltration effects,
All of the structures of Fig, 3-4 are about 75 percent the theoretical
density of tungsien, as subsequent density measurements showed, Ioni-
zers fabricated and tested subsequently in the program were about
80 percent dense and, therefore, had much smaller pores,

3.6 Density and Permeability of Infiltrated Compacts after
Vacuum Distillation

Several machined buttons from each of the infiltrated com-
pacts were vacuum distilled at 1500°C for 15 minutes and finally at
1800°C for 45 minutes (at a pressure down to 1 x 10.5 torr) to remove
the infiltrants, Permeability and density data were then determined,

These are listed in Table 3-II1. It is immediately apparent that the
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Table 3-1I1

DENSITY AND PERMEABILITY DATA FOR VARIOUSLY INFILTRATED TUNGSTEN BUTFONS,
AFTER REMOVAL OF INFILTRANTS BY VACUUM DISTILLATION

Infiltrant  Button . Density, Mass Permeability Transmission
No, s of Theoretical Coefficient,* Coefficient,**
geem™togec™ttorr” dimensionless
Silver 1 75.03 1.56 x 10°°
2 75.39 1.51
3 75.28 1.55
4 75.13 1,58
Avg. 75.21 1.55 « 10°° 1.97 x 107%
Cu-B 1 74.82 1.64 x 1070
2 75.28 1.62
3 74,82 1.65
4 75.13 1.69
5 75.34 1.65
Avg. 75.08 1.65 x 10°° 2.08 x 1074
Cu-Be 1 74.92 1.62 x 1078
2 74,97 1.67
3 74.82 1.58
4 75.34 1.57
5 75,23 1.63
Avg. 75.06 1.61 x 10°° 2.05 x 1074
Cu-Fe 1 75.08 1.56 x 1070
2 75.34 1.54
3 74,97 1.62
4 75.03 1.61
5 75,44 1.65
Avg. 75.17 1.60 x 10°° 2.05 x 107%
Cu-P 1 74.30 1.66 x 10°°
2 75,44 1.89
3 75.23 1.86
4 74,82 1.71
5 75.03 1,57
Avg, 74.96 1.74 x 10-6 2.21 x 107
Cu-Te 1 75.60 1.49 x 10°°
2 75.65 1.52
3 75.13 1.59
4 74.77 1.60
5 74.25 1.67
Avg. 75.08 1.57 x 107° 2,12 x 10”4

*Based on N2 at 298°K

18.973) (P . Coef.,)
**Transmission Coef. = ( ) (Perm SL2=0

(Sample thickness, cm)
(Derived subsequently in report)




average values ol density, mass permeability coefficient and trans-

mission coefficient are very similar, There does not appear to be

sufficient variation in these values to indicate varied interactions

with the different infiltrants, This conclusion agrees with that of

the metallographic evaluation, previously discussed,

3.7 Residual Infiltrant Elements in Compacts After Vacuum

Distillation

As a final step in the infiltration study, residual elements

(remaining in the buttons after distillation) were determined by quan-

titative spectroscopy.

Buttons infiltrated
Buttons infiltrated
Buttons infiltrated
Buttons infiltrated
Buttons infiltrated

Buttons infiltrated

with
with
with
with
with

with

* Indicates lowest limit

Results obtained are as follows,

Ag <10 ppm Ag*

Cu-B <1 ppm B, <3 ppm Cu

Cu-Be <1 ppm Be¥*, <3 ppm Cu

Cu-Fe <10 ppm Fe*, <3 ppm Cu

Cu-P 50 ppm P (wet analysis), <3 ppm Cu
Cu-Te <500 ppm Te*, <3 ppm Cu

of detection with standards available,

The foregoing results indicate very efficient removal of Cu, Ag, B,

Be, and Fe, Since phosphorus has a relatively high vapor pressure,

and since one would expect it to be very readily removed by distilla-

tion, the 50 ppm phosphorus residual value seems too high, The

residual tellurium value is probably much lower than the 500 ppm

minimum detection limit of the comparator standards used,

3,8 Conclusions of Infiltration Study

Results of this study are summarized briefly in the following

tabulation;
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Characteristic Evaluated

Watting of Tungsten

Infiltrant Compositiconal Stability
Machinability of Infiltrated Tungsten
Effect of Porous Tungsten Structure

Effect on Final Density and Permea-
bility

Least Residual Elements in Tungsten
after Vacuum Distillation

In general, results of this investigation indicate that the Cu-2 Afo Fe

Cu-Fe, Cu-Be
Ag, Cu-Fe
Cu-Be, Cu-Fe
(No significant differenccs)

(No significant differences)

Ag, Cu-B, Cu-Be, Cu-Fe

infiltrant is at least as favorable as the other compositions, such

that use of another could not be justified,






4, FABRICATION AND PORE CHARACTERLZATION OF SINTERED SPHERICAL

TUNGSTEN POWDER

Using three classified fractions of tungsten microspheres, compacts
were pressed, sintered, infiltrated with Cu-2 A/o Fe, machined to button
form, and vacuum distilled, The porous structures resulting were evalu-
ated by means described subsequently in this section, Prerequisites of
this research phase were (1) preparation and analysis of various powder
size fractions (Séction 2) and (2) investigation of infiltrant alloys
(Section 3), Having completed (1) and (2), the fabrication of ionizers
from three selected powder fractions to a target density of 80 percent
theoretical proceedcd, Thus, for the first time, a controlled series
of ionizers, of common purity and at three levels of pore size, was
prepared and.thoroughly evaluated, Details of fabrication and evalua-

tion are described in the following subsections,

4,1 Hydrostatic Pressing of Powder Compacts

All compacts were pressed hydrostatically under 59,000 psi
in the die assembly shown in Figs. 4-1 and 4-1A, The use of a rubber
mold to apply hydrostatic pressure was adopted because of previous
unsuccessful attempts to compact spherical tungsten in a conveational
steel die, Compacts produced in the latter invariably contained con-
choidal fractures, The reason for such fractures is believed to be as
follows. Upon application of uniaxial ram pressure to the powder,
about 1/4 of the load is transmitted by the powder to the steel die
walls, The walls are deflected outward, elastically, a very small but
significant amount, To the instant of initial pressure decrement, the
pressed powder is under compression from all sides. However, as ram
pressure is decreased, the die walls begin to recover elastically,
exerting a radial compressive force on the powder mass, Thus the com-

pact is subjected simultaneously to decreasing ram pressure and to
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increasing lateral pressure, with the result that shear occurs,

Pressing of tungsten microspheres within the rubber insert
fixture of Figs, 4-1 and 4-1A eliminates shear forces since, on de-
compression, the rubber moves away from the compacts, The barrel shape
of the mold cavities is also a very important design feature, Upon
decompression, the mold tends to elongate before recovering laterally,
Unless the mold vacity is adequately tapered, the compact is subjected

to tension and, therefore, can readily be pulled apart,

4,2 Vacuum Sintering of Powder Compacts

Sintering of all ccmpacts was performed at temperatures of
1800-22000C under lO-5 to 10-6 torr, The furnace used is shown in
Fig. 4-2, It consists of tungsten sheet-resistor elements in a bell-
type chamber, with appropriate vacuum pump, electrical accessories and
controls, The furnace is equipped with both thermocouple and ion
vacuum gauges, Temperature of the work is monitored by optical pyrometear
through a sighting window, which is shielded from condensates except
during brief periods of temperature determination, The pyrometer is
calibrated at regular intervals by sighting on pure metals of known
melting point and thus cross-checking on'absolute temperature vs indi-

cated temperature,' This method has proven to be much more versatile

at the high temperatures than the use of a thermocouple,

4.3 Infiltration of Powder Compacts

The method used to infiltrate sintered tungsten microspheres
was the same as that described in Section 3,2, The Cu- 2 Afo Fe infil-
trant, described in Section 3,1, was used for all unalloyed tungsten
compacts, The Cu-Fe alloy is usually prepared by heating the consti-
tuents in Vitrosil boats at 1175°C under hydrogen for 30 minutes,
Solution of the ircn in the copper, effected under these conditionms,

is relatively rapid and a homogeneous alloy is obtained,



FIG. 4-2 VACUUM SINTERING FURNACE WITH TANTALUM SHEET-RESISTCR
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4.4 Machining and Surfacing
In order to determine the effect of surface texture on
permeability, ionizer buttons were machined with three different sur-
face finishes. lathe turned, machine ground, and metallographically

polished, These surfaces were produced as follows,

he lathe turned finighes on the faces of the ionizer buttons

were produced according to che tool set-up showa in Fig, 4-3,

The machine ground faces were produced with a Norton
37C36-KVK grinding wheel (36 grit silicon carbide, K hardness with
vitrified bond), Wheel diameter was 5,82 inch so that, at 3450 RPM,
linear grinding velocity at the button surfaces was 87,6 ft/sec, This
grinding was done wet (water-oil emulsion) in 0,001" increments down

to the last two grind?.y rasses, where 0,0005" focrements were used.

The metallographic mirror polishes were produced by first
grinding in the foregoing manner. The buttons were then mounted in
Plexiglas and wet ground on 400~ and 603-grit silicon carbide emery
paper, vinal grinding was done dry on succcssive 0, 00, 000, and 0000
alumina papers, Polishing was done using a Nylon cloth, with Linde A,
and finally, Linde B alumina suspensions in water, After removal of
the buttons from the Plexiglas, they were reversed, remounted, and the
same polishing prodedure was used on the opposite faces, Final polish-
ing was implemented by microscopic examination to ascertain that the
copper-fiited pores were fully exposed, This precauticn is important,
since tungsten has a marked tendency to smear over the pores, covering

them with a thin layer of distorted metal,

Using a Profilometer device*, an attempt was made to determine
quantitatively the surface contours of the surfaced, infiltrated buttons,
This was not successful because of (a) marring of the surfaces by the

diamond stylus of the device, (b) the very short reciprocating stroke

*Profilometer made by the Micrometrical Mfg, Co. of Ann Arbor, Michigan,
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necessitated on the 3/16"-diameter faces, and (c¢) lack of a proper
fixture to hold the small buttons imnobile during testing, It was
decided, therefore, to determine the average contours of surfaces
produced by identical machining procedures on high-carbon drill-rod
steel, While the inherent machinabilities of the ionizer buttons and
the streel are not the same, the material substitution does provide a
reasonable approximation, The replicated steel samples had average
peak-to-valley contours of,

60 RMS (microinches) for the lathe-turned surface,

6-1/2 RMS (microinches) for the machine-ground surface,

<1 RMS (microinch) for the metallographically-polished surface,
A second replicated turned surface on 347 stainless steel was found to
have a 55 RMS finish, Since an austenitic stainless steel and high-
carbon tool steel are known to have different machinabilities, it is

thus indicated that machining procedure, rather than machinability, is

. the major factor influencing the surface finish produced,

After distillation of the infiltrant, typical buttons were
photographed, Buttons with 3 different surfaces are shown in Fig., 4-4,
The white lines across the buttons were caused by contact with tungsten

wires, used as spacers during distillation,

The effect of the various surface-finishing operations on

permeability coefficient will be discussed in Section 4.8.2,

4,5 Preparation of Comparison Ionizers from H,-Reduced Porous
Tungsten

It was considered technically sound to obtain a complete pore

characterization of a commercial porous tungsten and to include it as

a comparison material in the ionization performance testing, Therefore,
a bar of sintered (infiltrated) Hz-reduced tungsten was purchased from
the Philips Metalonics Corporation of Mt, Vernon, New York, The Mod, B
grade obtained was reported* to be made from the finest Hz-reduced

powder fabricated currently to large porous pieces by Philips, Several

* Private communication with R, M, Klein, Sales Mgr., Philips Metalonics,
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lonizer buttons were prepared with a surface ground firish, following
the same procedure given in Section 4,4, A cylindrical Porosimeter

sample was also machined,

4,6 Vacuum Distillation of Infiltrant from Ionizers

Removal of the Cu-2 A/o Fe infiltrant from porous ionizers
is usually effected at temperatures of 1800-20500C and at pressures
down to 1 x 10-5 torr, For work under this contract, a final distil-
lation temperature 50°C below the 1800°C sintering temperature of the
finest powder buttons (E3, 1-4.) was selected, The distillation con-
ditions were held constant for all buttons and porosimeter samples
fabricated, including the Philips Mod, B samples, Thus the probability
of additional sintering, shrinkage, and structural change during dis-
tillation was minimized, However, the lowering of distillation
temperature alsoc introduced the factor of less thorough removal of

(infiltrant) iron, as discussed in the subsequent subsection,

For vacuum distillation, the ionizer buttons were placed on
edge in rectangular tungsten boats, The interiors of the boats were
coated with Mg0 to prevent coherence of the buttons to the boats,
Tungsten wire stables were used as spacers to separate the buttons,
While use of the Mg0 "parting' film has no apparent detrimental effect
on pure tungsten, its use is not recommended in close proximity with

W-Ta alloys, This will be discussed further in Section 6.5.

A complete flow sheet of the process, used to fabricate the
three size fractions of tungsten microspheres, is shown in Fig, 4-5,
This includes data on pressing, sintering, machining, and vacuum dis-

tillation, as well as on average final densities achieved,

4,7 Final Purity of Ionizers
Spectrographic analyses of the E3 (1-4u), E6 (3-6u), ETA (4-8u),

and Philips Mod. B buttons were obtained after the constant vacuum

distillation treatment, In review, this treatment consisted of heating
at 1500°C for 15 minutes and at 1750°C for 45 minutes at 1l x 10"5 torr
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ambient pressure, Results of the analyses are given on page A9, Appendix,
in a certified spectrographic report of the Materials Testing Laboratories,
These results indicate no differences in impurity levels to the lower
detection limits, other than in the residual iron contents, The latter

are surprisingly high in view of values previously obtained with final

distillation at 1800°C, as follows:

Powder Buttons Distilled at, Residual Iron,
Lot-Size Fraction oC[min ppm
Previous C-unclassified 1500/30 and 2000/15 10
D-Frac. 8 1500/15 and 1800/45 10
E-Frac, 3 1500/15 and 1750/45 170
Recent E-Frac, 6 1500/15 and 1750/45 165
E-Frac, 7A 1500/15 and 1750/45 94
Philips Mod, B 1500/15 and 1750/45 290

* Sample density = ~/75 percent,
For all other samples, density = ~-80 percent,

The foregoing values would indicate a much greater efficiency of iron
removal at 1800 than at 1750°C, While this is possible, it does mnot
seem probable, Therefore, the spectral line densities obtained for
these samples have been rechecked, Since no interpretational errors
were found, additional samples will be submitted for checking in the
follow-on contract, Should these higher iron contents, detected after
final distillation at 1750°C, be verified subsequently, the conclusion
that residual iron is not as detrimental to ionization performance as

initially feared would be indicated,

4,8 Pore Characterization of Ionizers

4,8.1 Density
In order to determine the conditions necessary to

sinter the three different fractions of spherical powder to 80 percent
target density, preliminary samples were first pressed under 59000 psi,
hydrostatic pressure, These samples were shaped to rectangular form,
measured, weighed, and their as-pressed densities were determined,

They were then sintered under 5 x 10-5 torr pressure in 30, 30, and
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_ 60-minute increments, such that a cumulative sintering-time seriecs of

0, 30, 60, and 120 minutes was obtained,

"Density vs sintering time' curves obtained are plotted
in Fig. 4-6 (for 1800°C) and Fig, 4-7 (for 2000°C)., The trends shown
are in agreement with theoretical expectations, i,e,, a continuous in-
crease in density with sintering time for all samples, more rapid
sintering of the finer powder fractions than of the coarser fractions
at both temperatures, and more rapid sintering of all samples at 2000°¢C
than at 1800°C. In order to intercept the 80 percent density level, an
additional sample of powder fraction E7A was sintered at 2200°C and the
curve obtained is included in Fig, 4-7, Curves showing the sintering
rates of the unclassified base Lot E powder are also drawn in these

figures,

Based on interpolation of the curves of Figs, 4-6 and
4-7, and on the final vacuum distillation treatment used, sintering
conditions were selected to yield the densities estimated below,
Actual final (avg,) densities of buttons produced subsequently are

listed also,

Estimated Estimated Actual
Sintered Density Density
Density, after Vacuum after Vacuum
Powder Sin.ering percent of Distillation Distillation
Fraction Temp,, C Time, min, theoretical of Infiltrant* (29 Button Avgs,)
E3 (1-4u) 1800 60 75.3 79 80.7
E6 (3-6u) 1900 90 77.8 79.3 80,5
E7A(4-8u) 2100 70 78.6 79.6 80,7

* Distillatior at 1500°C for 15 min,, plus 1750°C for 45 min,
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Final density data on all buttons prepared from the
E3, E6, and E7A powders are listed in Tables 4-I, II, and IL1, Final
density data on the Philips Mod, B tungsten are listed in the tabula-

tion below,

Button No, Density, percent of theoretical
PB-G-1 80,62
PB~G-2 80,57
PB-G-3 80,62
PB-G-4 81,19
PB-G-5 81,30
PB-G-6 81.40
PB-G-7 _80,36_
Avg, 80.87

As Tables 4-I, IL, III, and the above tabulaticn show, the density of
all the ionizer buttons used in this research were held as close as was

technically feasible to the target density of 80 percent,

4,8,2 Mass Permeability Coefficient

Determination of the permeability of porous bodies,
with respect to a diffusing gas or vapor, is a reliable and simple
means of determining fluid-transmitting efficiency. Permeability
coefficients, in contrast to density values, are extremely sensitive
to subtle changes in pore structure, For these reasons, permeability
coefficients have been determined on all ionizer buttons produced under

the current and previous NASA contracts,

A sketch oi the permeability apparatus used at Electro-
Optical Systems is included as Fig, 4-8, with the associated electrical
circuits shown in Fig, 4-9, A porous sample button (of 3/16" dia, x
04" thick) is clamped in the test fixture within a neoprene "0" ring,
Compression exerted by the fixture presses the "0" ring tightly against
the cylindrical surface of the button, sealing it so that only the

button face area is exposed to the diffusant gas, Other components of

2790 v 4-14



m-oH X I88°¢ onoﬁ X €61°0 1£°08 *8ay 11®19A0
mnOa X 696°€ w-OA X 68170 %1°18 99°51 EY, £ FEYN
X £G1°G X 9%2°0 L9°6 S6°6L €9 ST 96€C” L2S10° Z%060° €6891° 6-d-t3
X 19.°€ X 081°0 €z el 6618 LIRS 80%Z"* 0€S10° LS060° 8/891° 8-d-¢3
X €0€°1 X 290°0 %Z7°8¢ %6°€8 0z°91 16%2° 8¢S10° £606G° $1691° (-d-£3
X 119y X 072°0 £€8°01 v 08 z6°s1 VAT 0€£S10° £9060° 8.891° 9-d-¢£d
X T16€°1 X 990°0 z9°Ss¢ IAR %] 01°91 99" 62S:0° 26680° LTS G-d-td
X 650°6 X 0%2°0 S8°6 1£°08 06°S1 79¢T° 6zZS10° L1060° %1691° y-d-£d
X 626°% X 6€7°0 11°01 ¥8°6L I%°S1 96fZ° 62S10° ZY060° 71691 ¢-d-¢td
X #81°6 X 852°0 £S°6 9z°08 6%°¢C. 151 %A o%s10° £9060° 0669T1° Z-d-¢3
m-oﬁ X [E€T*Y g-01 X §07°0 7S 11 £S°08 66 ST 19¢2° 8161C” 76680° 8.891° 1-d-¢d
~.0T % 8ET°Y m-Oa X ¢0Z°0 88°08 19°S1 T 9B8EIBAY
X 82L° Y X €C¢ 0 %5 °01 z°08 8y ¢l 8yyz” 18510° L9€60° %1691° 01-9-¢d
X 879°¢C X 081°0 Ll 0S°18 €L°61 €0S¢° 16S10° 86€£60° %£691° 6-9-¢3
X ZTLY X [TT°0 VAR 74°28 16°ST 9sHe’ 74%S10° 6T1160° v€691° 8-9-€3
X /petE X £21°0 18°61 19°18 6L ST [AA A 0.ST10° 96260° €6891° (~2o-€3
X G/[8°¢ X 161°0 98°21 €L°08 85°¢C1 €992 T18510° (7€60° %1691° 9-0-£3
X G0L°Y X 7€z 0 6S°01 1%°08 2S°61 LA G8S10° €L€60° %1691° §-9-¢d
X Z10°% X 861°0 (A7 A (3°08 LG°ST 19v2° 18610° L%€60° »1691° #-D-¢d
X $8¢°Y X {1270 8¢ 11 (%7'08 €6°81 86H¢” £8S10° €L£60° €6891° €-O-td
X 96%°% X 27270 LO°TT 79°08 9661 69%¢” L8S10° £L€60° $€621° ¢-9-€3
m-oﬁ X 689y w-ON X ZTT°0 T1°11 1€°08 0S6°ST 964z G8510° €.860° $1691° 1-9~¢4
mnoH X [0%°€ o-oH X %81°0 01°08 9%° 61 EY-CFET Y
X /88°¢ I S ¥ A1) SLzt €% 61 T€°G1 892" 64%.10° L8Z01" S00LT" 6-1-€4
X 9%0°Y X 612°0 9z°¢1 6976/ 8€°S1 789¢° w9.10° 792Z01° 06691° 8-1-¢d
X 119°¢ X 961°0 12°€1 £6°6. S€°S1 969¢° 96.10° z1eot’ SZOLT” L-1-€2
X 8.6°€ X 91Z°0 9%°21 L1°6L 8Z°S1 0892° %SL10° Z1e0T” S00LT° 9-1-¢d
X ZI1'Y X 672°0 68°11 €€ 6L 1€°61 €99¢° 6£L10° 9€2Z01” 06691° G-1~-¢3
X 6%2°2 X 07170 €1°2¢ 9/°18 8L°€T s1Lz’ 0z.10° 09101° $€691° 4-2-¢td
X G0Z°'¢ X 0¢1°0 1S5°72 86 °08 €9°61 zeLe” ra/ZAL N L8Z01° €691 ° £-1-¢3
X Z61°€ X g€L1°0 96°GT 16°08 GG 61 804¢° 1%L10° 79701° 69691° 7-1-¢3
m-oH X ZTe'€ o-o~ X 6170 00°ST [v°08 FABEA S 1892° LzL10° 11201° %1691 1-1-¢3
$SI]UOTISUWIP . uLo..?,H uwm.H wo w3 A31sus(q
€3uaT513390) €3uUaIOTIIV0D *093s 1E2133109Y] mﬁu\m w3 mau wo Nao *ON
UWOTSSIWSUBRL] £3171qE3WIdd SSER ‘3Q * XeR wowh ‘A31sus(q ‘3ydTom ‘3uWNToA ‘sSouUNITYL ‘eaay 2oed x9z7IU0]

(£13ai309dsax ‘saystury poysiiod Arrestydradorreisu pue ‘puncad suryorw
tpauany ayje[ 23edIpur Jd pue ‘9 ‘I suoraeudiseq) iapmod u23s8uny Teotasyds (vy-1) €3
woxy paaedalg SI9ZTUOY 103 SIUSTOTIFI0) UOISSTWSuRL) pue AIT[Tqesmiag ‘SaTITSUA(Q ¢suotsuamrq

I-% TI9VL

-t

4-15

3720-Final



¢-01 X 056" 401 X 252°0 15708 *8av 11e®I2A0

g~0T X €86°% mnON X I%Z°0 8L°08 6S°ST “3%eaoay

X Z66°% X 6€2°0 T1L°6 vl 18 99°G1 1182° €0910° 79160° TesLT” 11-3-93

X 61%°y X 01Z°0 68°01 91°08 LH°ST 89%¢" €6510° L1060° rAt YA S 01-4-93

X 689°9 X §2¢°0 81°¢ 6L°6L 0y°61 6% 81910° 07260° A YA 6-d-93

X €€€°9 X 60£°0 09°¢ bo‘os %" 61 66%¢C° 61910° 9%260° [AsYa 8-d-93

X 129°9 X 22€°0 JX AN L0°6L 9z°s1 sove* S1910° 0¢Z60° zIs6L1” L-d-93

X $0L°S X 0L2°0 '8 19°08 15°¢1 Lsye® 8.%:0° 76680° ILi7AN 9-4-9d

X €2L°C X ZTET'O 29° L1 08°z8 86°ST 88¢¢” 0z910° 0zz60° L9SLT” s-a-93

X 288°Y% X €€2°0 L8°6 S u}:] S4°61 TA A %0910° 69160° T6%L1° %-d-93

X €0L°9 X [0E°0 29°¢ €V 6L €€°ST L8y2” ze910° 9%260° ysLt” t-d-9d

X 966°2 X ¢G1°0 €0°91 8¢°28 06°S1 g96e” €1910° S6160° LHSLT” Z-d-93

g-01 X 061°¢ wuoﬂ X IS1°0 L0°S1 06°z8 00°91 1€z’ TLS10° 99680° rAZYA O 1-d-93

¢-0T ¥ 967°¢ muoa X 69¢°0 19708 L6781 a8viaAy

X $68°6C X 10£°0 £E1°8 ¥8°6¢L 1y°61 1€92° L0L10° £0.60° 886/1° 11-9-93

X 60L°S X €67°0 £€y°8 1€°08 06°S1 %92 %0.10° 82.160° rATYA S 01-9-932

X 00€°9 X 1z¢°0 €9°¢ L0°6L 9Z° <1 68SZ° L6910° £1960° rAXTA 6-9-92

X 09L°S X €67°0 AN 12°08 8y"e1 6297 86910° 75960° 88S/L1° 8-9-93

X g4.°S X 262°0 GeE'8 9¢°08 16°61 rAA TA 16910° L2960° £98L1° {-9-93

* [E6°S X 10€°0 60°8 1€°08 0s°s1 819¢" 68910° LT966G" ysLn” 9-9-92

X 050°9 X 80€°0 €6°¢ 06°6L Zv°st €19¢° 96910° 25960° 29sLt” $-9-9d3

*x feie X 881°C LE'ST £€z°Z8 L8° 61 €897’ 16916° L2960° L9SLT° $-9-93

X 658°¢C X 697D 08°91 12°¢€8 90°91 12Le” %6910° 25960° LYSIT” £-0-93

X ZE8'Y X o%7 3 96°6 L8°18 08°61 %992° 98910° L£7960° rALTAS ¢-9-92

¢c-0T = 84079 9-01 X G0£°0 S6°¢ v8°6L %°S1 %6SC° €8910° 10960° 2eSLT” 1-9-93

¢ 01 X 0tv'y 9-0T X 272°0 YA €y Gl 98eIaAY

X 999" % AL Lz°ot 6L %E ST 1182° 7€810° y1%01° 88SL1° 8-1-94

X 00€°E X 181°0 AR A1 £6°08 29°St z98¢° ZERTO”® yI901° 88SLT1° L-1-92

X 9/6°Y X 6/2°0 £€9°6 c1°6L LZ°S1 8182° $4810° 06%01° 88S/1° 9-1-93

X zZE6°¢E X €61°0 87 €1 €8°08 09°S1 ze8Z° S1810° Z1e01” €09.1° §~-1-93

X 9gL'Yy X 962°V %1°01 S6°61L €9° ST s8Le2° S0810° 79701° 88SL1° ¥-1-93

X 99%°< X [62°0 SL°8 r4A Y4 6Z°ST 6Ll L18T0° [As20 €2941° €-1-93

X 0z8'¢ X 01Z°0 [AEAS £9°08 L6°61 2682’ Z€810° %1%01° 8961 ¢-1-93

m-oﬁ x SE6°Y w-oH X 892°0 iL°6 £97°6¢ €L°S1 viLe” 60810° £8201° 88G/1° i-1-93
ESOTUO]SUSWIp I ..P.Su..H u&w.,H wWo.wg X3Tsueq

fIua10t33end ‘3u9ToT3I90D *o98 18 1392309Y], mEU\w w8 nao wo Neo "oN
BOTSSTWEULR L], £31137qQUoWXB SSEW ‘3Q *Xel uouh ‘L£318usqQ ‘3y3roM ‘aunToA ‘ssaWNOTYL ‘eoay ooeq x92100]

(L13a7309dsaa ‘saysyury poysirod L11EoTydeiBorieiom pue ‘punoil autyoww
‘pauani ayje] IIeOTPUT J pue H ‘) suorjeulysaq) Iopmod usisduny Testadydg (rg-g) 9F
woiy paiedsid S19zTUOT I03 SIJUITITI T20) UOTISSTWSURIL pue AJT[IqeouwIagd ‘goI3Isua(] ¢ suoysuswIq

LR N I T I, e N L -~ - W e e e



n-o~ X €98°8 e|o~ X 0S%°C 99°08 *3AV 1181240
mooﬁ X 996°6 e|Oa X $9%°0 9°08 LS°ST SSCI0AY
X 9%8°8 X L[1%°0 9¢€°¢ 88708 19°61 A TA 68S10° 1%7680° SLELT 6-d-v.d
X 606°6 X 99%°Q 08°Yy 7°08 76° S rAs T A 08S10° S1680° 6TLLT° 8-d-vid
X I€1°01 X [9%°0 89°Y iy°08 €6°¢1 cive’ €6610° 8€.80° SLELT® [-d-v/3
X [78°01 X §05°0 8t 'Y 79°08 9¢°ST owye* 895T0° 6£880° ovLLT”® 9-d-v.3
X 9Z1°11 X 126°0 Lz'y 9z°08 6%°ST 1 LA LLSTO® 06880° ovLLT® $-4-vL3
X 8/1°11 X Zi5°0 YA S0°08 1V AR ! 18€¢° ve10° £L8980° OLLT’ H-d-713
X [y6°8 X 8I%°0 1€°S %1718 99°¢1 Y992’ €.510° $9880° OVLET® €-d-vL3
“x ¢z0°8 X 0L£°0 26°S 99°18 9/°6G1 eyye’ 05S10° 8£/80° ovLLT® c-a-v 4
macH X 6§9°01 o-Oa X 66%°0 vy z5°08 VINY! ivhe° 14610° G9880° 61LLT° 1-d-vi3
mnoH X €S0°6 o-o~ X #94°0 86°08 €9°6G1 932194y
X 6(8°8 X 8%%°0 ne'sS 72718 89°¢CI 699¢° 20L10° 9.560° sLLLt’ 11-9-v/3
X 609°8 X 9ER°0 1S°S 0€°18 69°G1 8.92Z° L0LT10° 10960° sLLLt” 01-9-v.3
X €6°01 X €66°0 £E"Y £9°08 LS°ST 159¢° €0L10° 10960° ovLLT” 6-9-v(2
X 206°6 X S8%°0 00°S i7°08 ZS°ST 799Z° LT1LT0° L£960° ovLLT” 8-0-v.3
X T.€°8 X [9%°0 90°¢S 25708 %6761 £99¢° 91.10° 25960° SLLLT L-9-v.(3
X €86°L X %0%°0 76°S 66°18 #1761 989¢° L0L10° 10960° sLuLt 9-9-vL3
X G/1°8 X %1%°0 08°'s 05°18 €L°61 G89z° L0L10° 10960° SLLLT” 6-9-vid
X 1/6°L X [0%°0 96°S o%°18 12761 L69Z° LTL10" £L960° evLLT” #-0-v.d

X €70°6 X 9¢4°0 9¢°S SE°18 0L°61 997" L6910° 9/560° 6TLLT €-9-v13 r
X [£8°6 X T18°0 €L’y 12°08 84%°GT 169¢° Z1L10° 25960° ovLLT” Z-0-vid

weaH X 1%2°01 @-oH x ZZs°0 £9°Yy (%08 €6°61 T,92° 0cL10° £1960° SLLLT” 1-9-v.3 )
g 01 X €971 5-0T X 0Z7°0 92708 6%°G1 38eIaAY
X 001°8 X 1%%°0 #8°S 8% 6L 7E°S1 9z8z”® 9810° 8€E0T° 918.1° 6-I-V(3
X 90S°L X GI%°0 1€°9 1€°08 06°S1 £68C° £9810° 06%01" S6LLT° 3~L-V{(d
X £98° L X LTI%°0 0£°9 8608 €9°S1 1682° 0S810° S9%01” 619.1° L-L-VL3
% £L18°9 X €/€°0 %6°9 z5°08 %6°C1 £182° 16810° 68€01° 918.1° 9-1-Vid
X I61°¢L X G6E°0 £9°9 €L°08 8G6°G1 S062Z° $9810° 06401 ° SILLYE® S-i-Vid
X 886°S X 8LE°0 LL'9 86°08 €9°G1 8687 ° 8¢810° z9z01° 918/1° #-L-V.(d
X 4E€%°9 X 6%%°0 08°S (%7708 €6°61 6/82° 16810° Y1%01° SLLLt” €-1-¥.3
X 0T¢°8 X [%%°0 GL° ¢S %9°6L LE"ST 9z82° 6£810° Z1€0T1° 1€8L1° ¢-1-Y.(3
c-01 X €8€°8 e-oﬂ X 19%°0 §9°§ 8E°6L Ze° ST 948¢” 86810° 6€%01° S6L11° T1-I-¥.&%

SSa]uoIsSuaWIP 1 uuou.H omm.H Wo «wWd K31susqg
€3U919T133F80) ‘3uaIdTIIA0)D *09s 1E5T393109YL mﬁu\w wd mEo wo wo *ON

uoisstwsue1] £3111qeswaad SSER e Yo * XeR wnwmw ‘£318sua(q ‘3y31aM ‘awnyop ¢ gsauqoTIyyL .moum ER)-F | I32Z UOT

[ T -

‘pauany ayjzey 23edIpur 4 pue 9 ‘I suoizpuldrsaq) iopmod us3sBuny [eoraeyds (rig-+) v/3
woxy poiedald SI2ZTUOY I10J SIUITITIII0D UOTISSTUSUBIL pue AIT[IqeowIag “SIIJTSUSdg ‘SUOTISUIWIQ

(£13a1309dsa1 ‘soystury poystiod L1yeotydeaSolre3su pue ‘punoif

I11-% 19Vl

auTyoeW

e

[l N.¥al

< — rn b e e —



N H - l KNOWN SAMPLE |
SUPPLY DRYER Jmmm SOLENOID}e vOLUME [™ FIXTURE |

Y
-
3lhhs
LR S
L LIE
STOP CONTROL ]l S
CLOCK CIRCUIT el B, g
: [~ 4
i{ X

FIG. 4-8 BLOCK DIAGRAM OF PERMEABILITY APPARATUS

l. CLOCK START SPDT
2. CLOCK STOP SPOT }'°m°&sv°°
3. CLOCK CIRCUIT OPEN DURING RESET OPOT 3amp CONTINUOUS 115 VAC

+ ' ' 14— 63V0C
U Ky
Ka
CLOCK
MAG MANOMETER CONTACTS
H 6 130 o - COM
ON-OFF
" 2110 AC
/K,a
|-' START BUTTON
CLOCK
RESET SOLENOID

K3

oCOM

ALL RELAYS SHOWN UNENERGIZED

FIG. 4-9 ELECTRICAL CIRCUIT DIAGRAM OF PERMEABILITY APPARATUS

270N e, 1 LA I



P

the apparatus consist of a nitrogen taunk, drying tower, solenoid gas
valve, mercury manometer, and a gas chamber of known volume, The
nitrogen pressure between the tank and the solenoid valve (see Fig, 4-8)
is first adjusted so that, when the solenoid valve is opened, the mercury
in the manometer rises to above the upper electrical contact embedded

in the manometer wall, Energizing of the solenoid also admits nitrogen
to the gas chamber of known volume and initiates diffusion of nitrogen
through the porous sample, The solenoid is then deenergized by releas-
ing the '"start button', and the n{trogen pressure begins to decrease by
diffusion through the sample, As the mercury in the manometer breaks
from the upper electrical contact, the stop clock is actuated electri-
cally, It continues to run until the mercury breaks from the lower
contact, located 40 mm below the upper contact, At this instant, the
clock stops, recording the time increment "5t" required for the known
gas volume "V" to undergo a 40 mm Hg pressure decrement "SPmm" by dif-
fusion through the porous sample, The "5t" value obtained in this way

is accurate to within t 0.01 second,

Mass permeability coefficient is then calculated by

Carman's formulaIZ

K = (5@(%) (-1--) (——-—1 ), gm-cm'l.sec-lomm Hg-l
5t AP
mm
where SPmm'V'M
»m = —RT + &M of N2 diffusing in 5t seconds
M = gm/mole, molecular weight of N,
R = ideal gas constant
T = OK, absolute temperatire
L/A = cm-l, length/area ratio of test sample
OP = mm Hg, mean differential between gas chamber and

atmospheric pressures during 9 Pmm decrement,

1, Carman, P, C,, "Flow of Gases Through Porous Media", Butterworth,
London, 1949,
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All permeability coefficients reported herein were

determined using the following parameters,
Diffusant gas, nitrogen
M, 28,02 gm'mole-l
P s 40 mm Hg =,0526 atmosphere
AP, 380 mm Hg

R, 82,057 cm3-a.t:m'ol(-l'mole-1

T, 298°K
v, 28 cm’ . /1000 cm’
sm, (1.688)(10) gm (60.273) (10) "gm

The values of permeability coefficient, derived by
the foregoing method, not only provide accurate comparisons between
porous samples, but are reputed to be independent of the diffusant
gas used (providing the gases are stable and non-reactive with the

sample),

Permeability coefficients are listed in Tables 4-I,
II, and III for all E3, 6, and 7A ionizer buttons prepared, ''Permea-
bility vs density" data from these tables are plotted in Fig, 4-10,
Here it is seen that the data points lie within distinct bands, the
permeability coefficients increasing with decreasing density in a
logical manner, Average ''permeability vs density' values for the
various button categories are indicated by oversized legend characters,
Data scatter bands for the machine ground and metallographically
polished iontzersAare essent:ially congruous (within each particle size
category), This indicates that the machine grinding end polishing
operations do not have significantly different effects on ionizer
surface distortion and pore closure, However, the data bands for the
lathe-turned buttons are consistently shifted to the left toward lower
permeabilities, indicating pore closure by surface deformation, As
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a result of these findings, it was decided that all ionization testing
would be performed on buttons having a standard machine ground surface,
rather than the deformed turned surface or the costly metallographic

surface,

Permeability and transmission coefficient data for

the seven buttons of Philips Mod, B tungsten are given in the following

tabulation,

Button Density, Percent Mass, Perm, Coef, Transmission
No. of Theoretical gm-cm.losec.lot:orr-1 Coefficient
PB-G-1 80,62 0.693 x 107° 12,845 x 107

PB-G-2 80,57 0,657 12,088
PB-G-3 80,62 0,722 13,283
PB-G-4 81,19 0,602 11,076
PB-G-5 81,30 0.627 11,480
PB-G-6 81,40 0.527 10,919
PB-G-7 8C.36 0,752 13,870
Avg. 80.87 0.664 x 107° 12,237 x 107

Permeability values for these seven buttons, machined from adjacent
locations in a small bar, are quite uniform, Their average permeability
of 0,66 x 10-6 is somewhat higher than the 0,46 x 10-6 value obtained
for the coarsest spherical powder category, E7A (machine ground)., This
is shown g' ~phically in Fig, 4-11, where the permeability variance

(for all bu! on lots evaluated, current and previous contracts) is

plotted,

4,8.3 Derivation of Transmission from Permeability Coefficients

Correlation of mass permeability coefficients with
dimensionless transmission coefficients was requested. That such corre-
lation may be invalid is recognized, since transmission coefficient as-
sumes free molecular flow while permeability coefficient was determined
with continuum flow. In order to translate permeability to transmission

coefficients, it was necessary first to derive the latter in terms of
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FIG., 4-10

RELATIONSHIP BETWEEN DENSITY
AND PERMEABILITY FOR IONIZER
BUTTONS, MADE FROM 3 SIZE
FRACTIONS OF TUNGSTEN MICRO-
SPHERES AND PROVIDED WITH

3 DIFFERENT SURFACE FINISHES.
(See Fig. 4-5 for fabrication
procedures,)

FIG. 4-11

COMPARISON OF TOTAL SCATTER
IN PERMEABILITY, OBTAINED

FOR IONIZER BUTTONS MADE

FROM SPHERICAL AND H,-REDUCED
TUNGSTEN POWDERS. (Average
permeabilities indicated by
arrows.)
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the mm Hg pressure units used in the former, This derivation, together
with definitions and units of the symbols used, is included as page AlO
of the Appendix, It indicates that, for nitrogen gas at 298°K, the

transmission coefficient may be expressed as

(8.428) (10, ™ (V) (8B ) (8.428) (10) ™ (V) (5P__)
®menEy 0 o Wen = ©C_)

C=

As described in Section 4,8,2, mass permeability

cecefficient is

L ema . Y
K=eneey & WD = 5K

Equating (a) and (b),

(8.428)(10) ™ (V) (5_) (AR_)
) En)

C =

il b

Substituting in (c¢)

° = 3 = =
the parameters. V = 28 cm™, épmm 40 mm Hg, Armm 380 mm Hg

= 1120 m Hg, and ®m = (1.688)(10)"3 gm

_18.973 K

¢ 1. ’

dimensionless

In checking that the value of C (calculated from
C = 18,973 K/L) is non-dimensional, it is necessary to refer to equa-
tion (8) on page 10 of the Appendix, Here the units of V/EE'ETE?
\?(8.428)(10)-5 are secocm-l. Inserting (into equation (c) above) the
sec:'cm-1 units for (8.428)(10)-5, along with units of the other para-!
meters used, the units of the 18,973 factor become cmzoseComm Hg-gm'l..

These unité, in turn, cancel those of the K/L ratio,

* Where M = gm/mole, R = ergs/mole«deg, and T = deg,
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4.8.4 Mercury Intrusion

The feasibility of characterizing the pore structures
of tungsten ionizers by mercury intrusion was determined under this
contract. The intrusion method appeared to offer several advantages
over optical methods, since it eliminates the need for develoring the
true pore structure by metallographic polishing and removes the ele-
ment of human error possible with pore counting and intercept methods.
Further, mercury intrusion offered promise as an economical quality-
control method.

All mercury intrusion data reported herein were
obtained at the Prado Laboratories of Cleveland, Ohio, using an Aminco-
Winslow Porosimeter. This apparatus consists primarily of a pump to
evacuate the sample, a mercury pressurizing mechanism, and a Penetro-
meter component shown in Fig. 4-12. After evacuation of air from the
sample, mercury is forced into the pores under pressures up to about
5,000 psi and the cumulative volumes intruded are measured at stand-
ardized levels of increasing pressure. For pores of the capillary
type, correlation of mercury pressure with cylindrical pore diameter
is obtained through the Dupré formula D = -4¢ cos 6/P, cm. Here ¢
(the surface tension of Hg) is taken as 473 dynes/cm, and 6 (the wet-
ting angle of Hg) as 1300, such that the units of P are dynes/cmz.

Application of the Dupté formula to the intrusion data
for sintered tungsten ionizers yielded mean pore diameter values sev-
eral times smaller than values calculated from pore counts on random
cross sections. In retrospect, the reason for such discrepancies
appears to Le that the ionizer structures are not of the simply capil-
lary type. Rather, they consist of interconnected networks of channels
of greatly variable cross section, Thus, what appears in a plane view
as a large pore is actually a void space, connected to the maze struc-
ture by perhaps several restricted channels or necks. Thus, treatment

of the intrusion data as_for capillary porosity can lead to interpret-

ing a single (relatively) large void as many small capillaries, having
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FIG. 4-12 AMINCO-WINSLOW PENETROMETER IN OPERATING
POSITION WITH FILLING DEVICE



the diameter of the largest access channel. This, in turn, leads to
concluding a smaller-than-actual mean pore size and pore size distri-
bution than determinable directly from photomicrographs.

Since complex ionizer structures apparently do not
permit application of the Dupré capillary formula, actual mercury
pressure ranges (rather than correlated pore size ranges) are listed
in Table 4-1IV. Here, the mercury intruded over the respective pressure
ranges is expressed both as cm3 volume and as a perceat of sample vol-
ume. These data indicate the relative restriction of the complex maze
structures, i.e., the more restricted the maze, the higher the pressure
required to intrude mercury. Boxed valves in Table 4-1IV, indicate the
largest intruded volumes and may be compared readily to the intrusion
pressure for the various samples,

Densities of the intruded samples are expressed in
Table 4-1IV as a percent of the theoretical density of tungsten. Total
pore volume, expressed as a percent of sample volume, is calculated
simply as 100 percent - percent of theoretical density. Occluded pore
volume is taken as total pore v>lume minus open pore volume, where
open pore volume equals the total volume of mercury intruded. In gen-
eral, Table 4-IV indicates that the finer the starting powder, the
greater the occluded pore volume aft;r sintering. This effect is more
apparent for the unsized spherical powder samples than for the sized
powder samples.

Data obtained on Philips Mod, B Hz-reduced tungsten
and on unsized (coarse) Lot C tungsten are included in Table 4-IV for
comparison purposes, the latter having been used exclusively in the
previous contract. The initial average particle diameter of the
Philips base powder could not be obtained, while the 3.47u diameter
given for Lot C is taken to be the same as that of Lot D (anélyzed
under this contract). This assumption is believed to belreasonable
since Lot C and D powders were reported by the Linde Co. to have been

produced by the same technique from the same starting material.
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The data of Table 4-IV indicate, as expected, that
the pore structure of the unsized (fine) E powder ionizer is finer
than that of the unsized (coarse) C powder ionizer., The pore structure
of the Mod. B tungsten is indicated to iie between the unsized E and
C tungsten, but closer to the latter. The intrusion data, given .Jor
the unsized E =ample in Tawle 4-IV, are surprisingly similar to those
of the E-fraction 3 sample. Samples prepared from sized Lot E powder,

fractions 3, 6, and 7A, are indicated to form a series having increas-

ing coarseness of pore structure. This is readily apparent in Fig. 4-13,

where open pore volume is plotted against mercury intrusion pressure.

4.8.5 Metallographic Analysis
Metallographic analysis provides information on pore

diameter, number of pores per unit area, structural uniformity, pore
configuration, and width of diffusion bridges, as well as allowing
direct visual comparisons., Techniques for defining the structure of
porous tungsten have received considerable attention under this con-
tract, anu great strides have been made toward the end objective of
revealing the true pore structure.

The preferred materials and general technique used

to pclish unalloyed porous tungsten under this ~ontract are as follows:

Mounting Material - Green Bakelite (Buehler No, 1382)
Mounting Pressure - 4200 psi
Grinding Papers - 240 Silicon Carbide (1lst)

- 320 Silicon Carbide
- 400 Silicon Carbide
- 600 Silicon Carbide (last)
Polishing Cloth - Nylon (Buehler No., 40-7058)
Polishing Wheel Speed = 930 RPM
Polishing Abrasives - Linde A (0.3u Al503) in water (lst)
- Linde B (0,05u A1203) in water (2nd)

Etching - By differential oxidation of Cu-base
{nfiltrant at 150°C in air for 10-20
minutes,

3720-Final 4-28
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Microstructures were obtained on representative
samples of all experimental materials developed, as well as on com-
mercial (Hz—reduced) porous tungster., All photomicrographs were

taken on Cu infiltrated buttons and at 400 x magnificaticns or higher.

Figure 4-14 shows the pore structure of a fine
(Hz-reduced) powder ionizer, the permeability of which was at the
mean value of 1000 buttons, Its structure is compared to that of
Philips Mod, B tungsten, also reported to be prepared from Hz-reduced

powder, Typical anc inhomogeneous areas are shown for both materials,

Figure 4-15 shows the typical pore structures of all
classified spherical powder ionizers prepared under this contract,
plus that of an ionizer (CU-48-2) prepared under the previous contract,
Figure 4-15 also includes the structure of an ionizer button (EU-4)
prepared from unclassified (fine) Lot E powder, Data on the parameters
of the powders used, and on final (distilled) density and permeability
are also indicated. The marked pore size difference between the un-
classified Lot E (fine) and Lot C (coarse) powder buttcns is immediately
apparent, The increasing pore refinement of the E7A, 6, and 3 buttons
is also apparent. The general pore size of EU-4 would appear to be
comparable to E6-P-9., Comparison of the unclassified powder buttons
with the classified buttons indicates that the former undergo appreciably
more particle agglomeration than do the latter, apparentlv due to the
relatively-large initial percentages of fine particles. This observa-

tion 1{s in agreement with metallurgical expectation.

Figure 4-16 shows inhomogeneous areas in the same
series of buttons (illustrated in Fig, 4-15, preceding), These areas
are results of initial powder-packing faults and are not considered
as serious shortcomings, due to their infrequency, This is demon-
strated in the 20 x macrographs of Fig, 4-17,

Revelation of the finest pores in porous tungsten by

metallographic polishing is extremely difficult, such that progressive
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NEG. 1269 TYPICAL AREA NEG. 1270 INHOMOGENEOUS AREA

DENSITY = 79.1%
MASS PERM. COEF. = 0.34 X 1076

! NEG., 1320 TYPICAL AREA NEG. 1321 INHOMOGENEOUS AREA

MOD. B GRADE
DENSITY = 81,2%
MASS PERM., COEF, = 0.60 X 10~

PR —

” FIG. 4-14 TYPICAL AND INHOMOGENEOUS AREAS IN IONIZER BUTTONS MADE FROM
H,-REDUCED TUNGSTEN POWDER BY PHILIPS METALONICS (Mag. = 400X)
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improvenients in technique have brought to light finer and finer pores.
The following conclusions are noted as being pertinent to this problem.
(1) A reasonable facsimile of true pore structure

lias not been shown on non-infiltrated tungsten.

(2) An infiltrant, softer than the tungsten matrix
(such as Cu or Ag) tends to polish in relief, i{.e., below the plane
of the tungsten.

(3) Despite the non-ductile nature of tungsten at
room temperature, it has a marked tendency to smear when polished and
to cover the infiltrated pores. This tendency is particulariy pro-
nounced with respect to the very fime pores,

(4) Because of (3), it is desirable to terminate the
surface preparation with alternate light polishing - chemical etching,
with etching being the very last step, When properly prepared, the
tungsten grain boundaries should be faintly visible.

(5) Choice of metallographic lens becomes a compro-
mise between one having adequate depth of focus to accommodate surface
relief and one having good resolving power (with lesser depth of focus).

4,8.6 Determination of Mean Pore Diameter and Pores per
Unit Area from Pore Counts

Using metallographic polishing techniques described

in the foregoing section, ionizers from each powder category were

photographed at either 1,200 or 2,000 x magnification. A minimum of

four randomly-selected areas were photographed on each lonizer. Rec-
tangles 8 x 10 cm were drawn accurately on each photomicrograph. All
pores inscribed were counted, and pores intersected by the edges of
the rectangle were tallied as half pores. Pores per unit area were

then calculated as:

2

gPotes Counted)‘Mag.z - Pores
(10) (80) cm2

Mean pore diameters were calculated from the pores

per unit area values, It was assumed that the cross section of a
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photomicrograph shows a percent pore area equal to the percent open
pore volume (obtained by Hg intrusion). This assumption is valid for
a random section plane of homogenously porous material, Calculation of

mean pore diameter was as follows:

Pore area fraction/Area of a mean pore = Pores per unit area
ggi - Pore area fraction _ Percent open pore volume
4 Pores per unit area (100) (Pores per unit area)

T Percent open pore volume
d 0. 11284/ Pores per unit area
Values of mean pore diameter and pores per unit area
(obtained from pore counts) are given in Table 4~V for the various

ionizer categories.

4,8.7 Spherical Powder Parameters vs Final Pore Characteristics
of Tonizers

A summary correlating spherical powder parameters with
lonizer pore characteristics is presented as Table 4-V. The data
listed indicate generally that, as the mean diameter of the initial
particles increases:

(a) the volume of occluded pores decreases

(b) the mean pore diameter increases

(c) the number of pores per unit area decreases

(d) the permeability and transmission coefficients

' increase
The unclassified Lot C powder, having the broadest size distribution
(88.9 percent of 1-7. particles) and a mean particle diameter of only
3.47p, ylelded the coarsest pore structure, It was necessary., however,
to sinter this powder at 2,200°C for 70 minutes to reach target density.
It is reasonable that appreciable diffusion of small into large par-
ticles occurred at this temperature, resulting in a much coarser

porosity than the mean initial particle diameter would indicate. The
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Philips Mod. B material is not included in summary Table 4-V since

it was made, reportedly, from H, -reduced powder, the size distribution

2
of which could not be obtained by Electro-Optical Systems.
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5., [LONLZATION PERFORMANCE OF SINTERED POWDER

The ionization performance was obtained by the measurement of
neutral fraction and critical temperature as a function of ion current
density and ionizer structure (i.e,, pore size and pore density), These
parameters are rcpresentative of the ionization (propellant utilization)
efficiency and ion generation energy efficiency, respectively, These
criteria are related to ion engine parameters and treated in detail inl.

5.1 Test Apparatus and Instrumentation

The ionizer test apparatus was similar to that used in ex-

2
periments described by La Chance, et al »3,4

., The modifications include
a looped cesium feed tube and gas cooling coil on the ionizer-r¢servoir
assembly, insulator shields and simplified feedthroughs for the ion
engine, larger slits and larger filaments for the neutral detector, and
an indirectly cooled collector (see Figs. 5-1 and 5-4).

The ionizers were Mo-C-B brazed to the molybdenum holder which
was directly heated by a sheathed tantalum heater, Ionizer temperature
was measured with a W5% Re - W26% Re thermocouple in a 1/16" 0,D, tan-
talum sheath, This sheath became brittle and frequently failed during
disassembly, The thermocouple junction and sheath was subsequently re-

welded, The cesium reservoir temperature was measured with a chromel-

alumel thermocouple in an inconel sheath, The thermocouples and cooling

1. G, Kuskevics, "Criteria and a Graphical Method for Optimization of
Cesium Surface Ionizer Materials', Electro-Optical Systems, Inc,
RR-3, January 1962,

2, M, LaChance and G, Kuskevics, "Ionizer-Reserveir Development Studies",
Electro-Opti :al Systems, Inc, 2150 Final Report, May 1963,

3. G, Kuskevics and B, L, Thompson, '"Comparison of Commercial Spherical
Powder and Wire Bundle Tungsten Ionizers', AIAA Jour. 2, No. 2,
284-294,(1964).

4, G, Kuskevics and J, M, Teem, "Surface ILon Source Phenomena and
Technology', Electro-Optical Systems, Inc. RR-16, Septecmber 1963,
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:1IG. 5-1 MODIFIED ION SOURCE SHOWING LOOPED FEED TUBE, RESERVOIK COOLING
: COIL AND INSULATOR SHIELDS
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lines passecd through one alumina higl-voltage insulator with a neoprene
gasket seal aiso serving ac the low voltage insulator, Both temperatures
were recorded on a 2-channel potentiometric type raecorder which operated
at the high voltage, A special circuit chopped the ionizer thermocouple
output, then put it through a high voltage isolation transformer so that
it could be recorded at near ground potential versus the ion beam current
on a X-Y recorder,

The accelerator structure shown in Fig., 5~2 uses a 45° beam
former and accei-decel electrodes in conjunction with -25 kv accel and
+7.5 kv ionizer high voltage supplies which limited the maximum ion
current density to about 60 ma/cmz. A special tool was used to align
electrodes to within f0.0l".

The emitter and accelerator currents can be measured on multi-
range ammeters,

For all experiments, the M2 neutral atom detector (see Fig, 5-3)
céuld be rotated about an axis point through the ionizer, The ionizer-
to-detector filament distance was 6 inches., The slits were enlarged td
0.040" x 0,200", The angular position was about 15° to the geometric
beam axis with some adjustment tv correct background and stay out of
the energetic ion beam, The detector was equipped with a shutter
operated by an electromagnet,

The ion collector shown in Fig., 5-4 has straight (instead of
concentric) copper baffles at 45°., The structure is cooled by radiation
and conduction (not directly as before) from the liquid nitrogen liner,
The tungsten ribbons used for secondary electron suppression were 0,003"
thick and 0,100" deep, intercepting several percent of the beam, A -90V
suppression voltage was used, The collector current is recorded on a

potentiometric chart recorder and the X-Y recorder,

The new vacuum system shown in Fig. 5-4 used in thege experiments
was capable of operating in the 10-8 torr range without load and in the
high 10-7 torr range during the high current operation periods, The 1 x 3
ft, chamber has a flooded stainless steel LN2 liner, The 10" oil diffusion
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IONIZER BUTTON

AM FORMER
BEAM FORME SHUTTER I rmmem
ACCELERATOR OPEN POSITION
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£

FIG. 5-2 SCHEMATIC AND CIRCUIT DIAGRAM OF ION ACCELERATOR AND
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pump was connected to the vacuum chamber through a liquid nitrogen
cooled elbow which served as an antimigration trap. With the multihole
liner in front of it and the single 45° restriction, it is a two-bounce
trap.

5.2 Test Procedure

To measure the ionization properties of a porous ionizer, it
must be sealed into a leak~tight high temperature assembly which is
connected to a medium temperature cesium reservoir. After reservoir
loading and ionizer conditioning the critical temperature and neutral
fractionare measured for different cesium flow rates.

Even though the nitrogen permeabilities of the porous materials
have already been measured previously, the apparent nitrogen permeability
of the selected ionizers is measured again after brazing and after
ionization measurements. Comparison of these values allow the detection
of leaks, indicate the amount of braze infiltration, and show the ionizer
stability during the test.

The ionizer temperature is raised to 1840°¢C in 10 min. during
brazing and allowed to cool for an hour. It remains near the bhrazing
temperature only for a few seconds. The assembly is bubble-tested under
acetone and photographed to record the appearance (such as surface finish,
braze infiltration, surface defects).

A few grams of cesium were loaded into the reserveir using
regular dry box techniques., The oxygen content of the cesium is not
known. Upon removal of the ionizer assembly from the dry box, the
cesium in the reservoir is under one atmosphere pressure of nitrogen.,

The low permeability of the porous icnizer is the only barrier against
the infusion of air while the assembly is mounted into the accelerator
and transferred into the vacuum test chamber. |

Next the active ion emission area is measured by the diode
sputtering pattern method described ins. With a gap of 0,100" to 0,170" an
accelerating voltage of 6 kv insures emission-limited operation and reduces

5. G, Kuskevics and B, L, Thompson, "Comparison of Commercial Spherical
Powder and Wire Bundle Tungsten Ionizers', AIAA Jour, 2, No. 2,
284-294, (1964). :
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space charge spreading, Then with the accel-decel structure, the

ionizer is heated to abbut 1250°C while the vacuum is about 10"7

torr. The reservoir temperature is raised slowly to about 0.5 ma

(3 ma/cmz) with the +5 kv on the ionizer and -10 kv on the accelerator
electrode. The X-Y recorder is calibrated against the chart recorders.
Ion beam is observed by raising argon préssure in the tank to see that all
of it hits the target. The glow at the target within the beam impact

area and carget current voltage characteristic also provides a check on
this. The segondary electron suppression is checked by observing con-
stancy of target current with 45 and 90 volts.

The neutral detector alignment is checked by insuring that the
light from its filament illuminates the porous ionizer. The filament is
baked at 1200°C until background current is a few nanoamps. The shutter
operation, ion deflection and filament voltage are checked. The neutral
fraction is checked over angles between 10-20° to check on its constancy
and best location. The ion current-voltage characteristics are checked
prior to each measurement at a new flow rate.

Ion current and neutral fraction versus ionizer temperature
curves are monitored at the low flow rate until the critical temperature
and neutral fraction reaches a stable value. This is referred to as the
initial conditioning period. There is some conditioning at the beginning
of each day.

More detéiled description of the measurement procedures and
accuracy limits is given in Ref. 6. ©

5.3 Mechanical Parameters and Nitrogen Permeability of Ionizers
Selected for Ionization Tests

‘The mechanical parameters, such as, material density, total
cross section area, thickness, permeability and transmission coefficient,
average pore size, and pore density for the ionizers selected for testing
are given in Table 5-I. Ground finished ionizers with average‘density and
permeability were selected for these tests., The surface usually showed

pronounced grinding marks as in Fig. 4-4. Best overall representation of

6. G, Kuskevics and J. M, Teem, "Surface Ion Source Phenomena and
Technology", Electro-Optical Systems, Inc, RR-16, September 1963,
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the structures are the photomicrographs which show not only the pore
size, size distribution, interpore distance, but also pore shape, pore
density and uniformity of pore distribution. Comparisons of typical
structures, similar to those selected for the ionization tests, can be
made by examining Figs. 4-14 and 4-15, The fine commercial porous
tungsten bars available in 0.6" cross section only, appear to have a
pore size somewhere between the fine (Lot.EU) and coarse (Lot CU)
unsized spherical powder buttons, but with larger and much less uniform
pore structure than the coar:s:st of the sized powder ionizers (E7A).
The coarse commercial porous tungsten (Philips Mod. B) is nearly similar
to the coarse unsized spherical powder material. There is no question,
based on the photomicrographs, that sized Lot E3 powder ionizers have the
finest, most uniform structure.

The nitrogen permeability is very sensitive to the slightest
change in material density, rcre size and surface finish as shown in
Fig. 4-10. Thus, for sized spherical powder ionizers, the permeasbility
decreases by .0lup [this unit will be used for ugm/(cm.sec.tort;]for a
27, increase in theoretical density (i. e., from 80% to 82%)., For equal
theoretical density of 80%, the permeability increases from E3 (l-4f4 to
E6 (3-64) to E7A (4-94) from 0.24 to 0.30 to 0.50 Mp, respectively. The
two finer lots have permeabilities similar to the fine commercial porous
tungsten, .

Brazing infiltrates and closes the perimeter of the ionizer.
One indicator of the overall volume infiltration is ‘the gas permeability.
By comparing permeability before and after brazing in Thble 5-1, the
braze area closure of all sized spherical powder ionizers except E7A-G-7
is 25-35%. This compares with a 45-50% closure for the powder lot
(coarse unclassified) ionizers and 65-75% closure of the coarse commercial
(PB) ionizers. Frequently the braze closure at the surface can be observed
visually, especially after test when the flow of cesium through the porous
area causes a difference in color. Sometimec the porous area remains
shiny while the braze is dull (either white or dark); sometimes a deposit
can be observed over the porous area most likely due to improper shutd&wn

procedure,

3720-Final
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The diode sputtering pattern method used to measure active area
was developed since May, 1963, and was used for all ionizers. This
method gave active arecas on commercial porous tungsten which checked with
visual surface observation and cross section metallographic measurements.
Recently a comparison of the sputtering pattern with iom microscope
scanning data was made of a spherical powder ionizer, with good agreement
between the two and also with the visual surface observation. Gas
permeability appears to increase slightly during the ionization tests.
This can only be due to opening of smeared pores on the front surface by
the high temperature cesium environment., This again shows that the surface
is smeared during the grinding closing the finer pores, since no leaks or
microcracks have been observed. The only defects which appeared are
melted spots from sparking which close small areas, thus also reducing
permeability. The surface appears to lose the sharp grind marks) the
center may have a somewhat etched appearance. In some cases sparking
caus2s some spols on the ionizer surface to melt which are then sealed
and should lower the permeability.

5.4 Cesium Permeability

Cesium permeability for all ionizers is given by the ion
current density since they had low nesutral fraction (shown in Fig, 5-5)
as a function of cesium reservoir temperature for various ionizer samples,
Comparison with nitrogen permeability is difficult because of the uncer-
tainty of area. Mass permeability, prior to brazing, has a definite
cross sectional area. The apparent nitrogen permeability after brazing
indicates how much of this area was closed by braze, remembering that the
actual open area varies from a smaller value on the upstream side to a
larger (active) area at the front face. The cesium permeability in Fig. 5-5
is based on the larger active area at the front face. However, tﬁe only
true permeability value {s that taken prior to brazing. Hence. this
value should be compareci with cesium permeability, which is based on an
effective cross section area obtained from the apparent nitrogen perme-

ability measurememt after brazing.’

3720-Final
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An increase in cesium permeability was observed for ionizer
E3-G-3 during the five days of testing, The change was about 30 percent
at low flow rates (2-3 ma/cmz) to 75 percent at high flow rates (20-
30 ma/cmz). This change must be responsible for the poor correlation
between initial gas permeability and cesium permeability taken at an
arbitrary time during the test,

The decrease of cesium permeability with lonizer temperature
is small (see Fig. 5-6). With the difficulty of comparison in mind,
note that the finest structures had the lowest nitrogen permeability

and the highest cesium permeability.

3720-Final

5-11



ION CURRENT DENSITY, j ,(ma/cm®)

CESIUM EVAPORATION, { arb. units)

3720~Final

70
60

50

200 300 400 500
RESERVOIR TEMPERATURE, T, ,(°C)

T T I

- TOTAL riow ( TEmP. DEPENDENT) ]

\ 1ONS
Ter ot 95 % () mox) LOW COVERAGE

REGION

-’

TRANSITION REGION

- ——— S———

1
\
\
\
\

= \‘ HIGH COVERAGE REGION ]
\
y \ T « 7
CX ot & min.
N NEUTRALD .
T--- - om on L.- - el
1000 oo 1200 1300 1400

IONIZER TEMPERATURE, Ty ,(°C)

5-12

FIGQ 5-5

CESIUM PERMEABILITY VS
RESERVOIR TEMPERATURE
(Tr) FOR POROUS IONIZERS

FIG. 5 -6

ION CURRENT, NEUTRAL EFFLUX
AND TOTAL FLOW VS IONIZER
TEMPERATURE FOR POROUS
TUNGSTEN



¥ [

o~

Y

et g

PR - [

[

| e Nt iy AR (i ® €t R ke Sl Y

5.5 Ion Current Density, Neutral Fraction and Critical 1.mperatures

The most popular measurement of surface ionization is the ion
current density as a function of ionizer temperature for various cesium
flow rates, A set of typical curves for solid tungsten, as measured by
Langmuir7, is shown in Fig. 5-7 to define the various regions of
operation., These data were usually taken with increasing temperatures,
In the high coverage region the rise is exponential, As the temperature
increases to the so-called critical temperature (which is a function of
the cesium flow cate), the ion current discontinuously rises by more than
a decade as the surface becomes clean of cesium, At high temperature the
cesium coverage is low, and for high work function surfaces the ionizatiom
is so nearly 100% that it appears essentially constant., When the icn
current is measured by decreasing the surface temperature, the discon-
tinuity occurs at a somewhat lower temperature, as indicated by hypo-
thetical curves in Fig, 5-7. This is the lower critical temperature
while the previous vnc was the upper critical temperature, The effect
is usually called a hysteresis, The upper critical temperature is more
reproducible and, for this reason, Langmuir measured only the upper Tc.

The breaking points of either TC lie on a straight line in a
log j vs 1/T plot, as shown in Fig, 5-7, This upper critical temperacure
line, extrapolated from the experimental ion current data given in
Fig. 5-7, was used as a reference line in graphs of previous reports,

The experimental data up to about 2 ma/cm2 gave an empirical equation
loglo pa = 27,791 - 143SO/Tc

where Mg is the rate of cesium atom incidence, which is equal to rate of

cesium ion evaporation in at. cm-2 sec-l. This line is shown in Fig, 5-8,

7. Taylor, J. B. and Langmuir, I, R., "The Evaporacion of Atoms,
Ions and Electrons from Caesium Films on Tungsten",
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It does not agree with the upper TC data, calculated by Langmuir from

atom desorption data in the same paper which resulted in the equation
1og10 pa = 25,66 - 11500/TC .

For comparison with porous ionizers, we need the lower Tc’ which can be

onptained from atom desorption data and is very nearly represented by
log10 ua = 24,6549 - 10730/1‘c .

The more accurate data are plotted in Fig, 5-8, which data will be used
for comparison, Note the incousistency of these Langmuir data because
the lower Tc is higher than the upper Tc. The latter are believed to
be in error,

For the porous ionizer the typical "ion current vs temperature'
curve is more like that in Fig, 5-6, which curve is usually taken with
decreasing temperature, The low coverage region is most likely no
longer constant because of a change in ionization efficiency and ionizer
permeability with ionizer temperature, Instead of a discontinuity, there
is a transition region characterized by a large change in the slope,

There are sometimes two lower "critical temperatures" - one,
TCI’ defined as the temperature at which the ion current has declined by
5%, (chosen as 2X the minimum detectable current change) the other - Tgq,
defined as the temperature corresponding to minimum neutral fraction,

The TCa point may be closer to the upper Tc' The higher the current
density and the cleaner the tungsten surface, the smaller the difference
between upper and lower Tc' It has not been established wnich tempera-
ture is best for optimum ion engine performance, but it is in the rela-

tively small range between the lower Tgp and upper Toge ‘- sum of the

8. I, R, Langmuir and J, B. Taylor, ''Vapor Pressure oi Caes‘ur by the
Positive Ion Method", Phys, Rev,, 51, 753, (1937}
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ion and equivalent atom currents shows that the total flow rate de-
creades about 3,5 percent/lOOOC. A typical neutral fraction curve is
shown in Fig. 5-6, another set ia Fig. 5-9, These curves are theo-
retically described by the Saha-Langmuir equation which, for constant
work function, is also plotted in Figs. 5-9 and 5-10, Experimental
curves show a similar decrease with decreasing temperature only for
ionizers having very low neutral fractions (below 1 percent), There
is a region in which the work function starts to decrease, due to
cesium adsorption, and the a curves exhibit a flat region, For some
ionizers this flat region extends over several hundred degrees (see
Fig, 5-11), At higher flow rates giving higher neutral fraction, the
curves may have no minimum below 1400°C.

For all ion current and neutral fraction measurements, the
appropriate voltage must be applied to insure emission-limited opera-
tion, Current-voltage characteristics in Fig, 5-12 show the required
voltage for any ion current density, For some cases, the space-charge

limited portion follows the 3/2 power law, while in many other experi-

ments the slope for this region is much higher at first, then subsequently

twuch lower, This effect is believed to be due to the accelerator and
not to the ionizer,

5.6 Performance of 1-4u Spherical Powder Ionizer

As evident from the photomicregraphs and mechanical parameters
shown in Table 5-I, this is the finest, most uniform structure produced
to date, The 80 percent dense l-4u ionizers have a smaller nitrogen
permeability than all other structures tested on this contract, The
nitrogen permeability is about equal to that of the fine commercial

tungsten tested earlierg. The average pore diameter, as calculated

9. G, Kuskevics and B, L. Thompson, '"Comparison of Commercial Spherical
Powder and Wiré Bundle Tungsten Ionizevs', AIAA Jour. 2, No. 2,
284-294, (1964)
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from pore counts, was the lowest - 2,50u and the pore density the
highest - 4,01 x 106 pores/cmz.

Upon brazing, these ionizers show the lowest reduction of
nitrogen permeability (25-35 percent) which implies the lowest braze in-
filtration, Besides being the finest, these would be expected to be
the most uniform ionizers,

These finest spherical powder ionizers had the highest cesium
permeability, which suggests that the mechanism of cesium flow through
the ionizer is different from that of nitrogen,

| The E3-G-3 ionizer was operated for four days in a vacuum of
(1-3) x 10-6 torr, This pressure level was not as low as standard due
to a small leak, The final and most complete performance data were
measured on the fifth day under 10-7 torr, as shown in Figs, 5-10,
513, 5~14, and 5-15,

The ion current demsity curve 51 in Fig, 5-13 and the neutral
fraction curve 51 in Fig, 5-9 were measured simultaneously, The active
area, measured by diode sputtering pattern, was 0,154 cmz. After the
second day there were three melted spots on tre surface which reduced
the area to 0,143 cmz, Even without this correction, a maximum ion
current density of 55 ma/cm? was reached, Stable operation with little
sparking could be maintained up to 40 ma/cmz. These limits are more
contingent on the accelerator than on the ionizer, except that they
depend indirectly upon the neutral fraction, The extended transition
region at high ion current densities is due to large electron back
currents, which locally heat the lonizer surface and produce non-uniform

temperature, The solid points in Fig, 5-13 give the lower T,b., the open

circles the lower Ty corresponding to minimum @ in Fig, 5-9?1 Note
that the Top Points are lower than the corresponding Langmuir data for-
solid tungsten, Figure 5-9 represents the first ionizer to show such
definite decrease of neutral fraction, in agreement with the Saha-

Langmuir'equation for solid tungsten

o = 142 x 10 00400E/T
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Theoretical curves for different work .nctions, shown in Fig., 5-9,
give a work function for porous tungsi.n of petween 4,65 and 4,70,
which is somewhat higher than the preferred 4,3  ..dbook value,

The neutral fractions were generally very low and their
minimum temperatures, shown by circles, were 60-120° above the Ter
points, These points form a straight line in Fig, 5-9, as well as
in Fig, 5-13,

A new type of graph, obtained by combining data of Figs, 5-13
and 5-9, is given in Fig, 5-14, These curves show that for a given
neutral fraction, dictated b; engine life, there is a maximum ion
current density at a given ionizer temperature,

Graphs in Fig, 5-15 show the increase of neutral fraction
with ion current density,

A second ilonizer of 1-4u was tested under AF contract, yield-
ing the similar set of data shown. in Figs., 5-16, 5-10, 5-17, 5-18, The
critical temperatures and neutral fractions were somewhat lower,

5.7 Performance of 3-6u Spherical Powder Tonizer

This ionizer structure was definitely coarser than the
1-4u structure, Average nitrogen permeability and pore size were about
30 percent higher, pore density and cesium permeability were similarly
lower,

Final data on the fourth day of operation is shown in Fig,
5-19, 5-11, 5-20, and 5-21, The Ter points are among the lowest, being
50-100° below the Langmuir lower . ., The neutral fractions were not as
small at low j levels as those of the l-4y ionizers, and did not exhibit
the decline with temperature, The highest ion current density of 60 ma/cm:
was reached with a neutral fraction of only 3 percent, Note that the
slope in Fig, 5-21 is much lower than that of Figs. 5-15 and 5-18,

5.8 Performance of 4-8u Spherical Powder Ionizer

This was the coarsest of the sized powder ionizer structures
and it had a high nitrogen permeability, Two samples were tested be-
cause the first one accidentally was deeply infiltrated during brazing,
Typical data are shown in Figs, 5-22, 5-23, 5-24, and 5-25,

3720-Final
5-20



et

o A e s it

1ON CURREHT DENSITY, j , (ma/cm?)

80
70
60

50
40

30

b > O ~NEWO

w

1N WSS TV SN SN U G N |

L 1-

20 T =T T TTTT] T T T

IITTIII

o 11l

T
H

NEUTRAL FRACTION, a, { percent}
1
o
1

T llllll
Lllllll

T

1

.2 L 4 llllll} ! 1 | I

00 1000 100 1200 1300

IONIZER TEMPERATURE, Ty, (°C)

1400

FIG. 5-14 1ION CURRENT DENSITY VS

IONIZER TEMPERATURE FOR
CONSTANT NEUTRAL EFFLUX

1500 | 10 70
ION CURRENT DENSITY, j , (ma/cm®)

FIG. 5-15 NEUTRAL FRACTION VS ION
CURRENT DENSITY FOR
E3-G-3, l-4u IONIZER

FOR E3-G-3, 1-44 IONIZER

100 T T Y T T ]
80: LEGEND .
W - Ty , It DAY / :
sor l Q-T:. .anDAV. Doy Order | 17+ *C
o J —g—2 6 1433
{/. —en? 5 T[4I7
. -2 4 391
Ns _
S
£
_:. -2 3 |357
t .
g ]
8 —
; -2 2 {329
& - FIG. 5-16
& ——2i  |304
© . ION CURRENT DENSITY VS IONIZER
& TEMPERATURE FOR E3-G-5, l-4u
) IONIZER
;oo noéo u::o |z:)o n;oo 400 1500
IONIZER TEMPERATURE, Te,(°C)
3720-Final 5-21



ION CURRENT DENSITY,j, {ma/cm?)

1ON CURRENT DENSITY, j,(ma/cm®)

90

10
(1]

L R L

40

SR S S S U |

8
-

20 ~

“ D ONOOO

—T

T TTTTT
41 g1 aaqat

i

12331

1 { A VRN GV U W HR B O
900 1000 1100 1200 1300 1400 1500

IONIZER TEMPERATURE, Ty , (°C)

FIG. 5-17 1ON CURRENT DENSITY VS
IONIZER TEMPERATURE FOR
CONSTANT NEUTRAL EFFLUX
FOR E3-G-5, l-44 IONIZER

lg§ - i T T T 1 7T T 17
80 T, %
70 - Yot ’
60 |- o] o
50 <-4 7] 40
wl 7 =]
ol -4 6 | 440
30 ° L
padl /l -y—4 8 | 28
20 |- /r -4 47| 400
7/
I - f ~g—4 3_} 374
S F .
8 -4
7 -
6 | -
s -t 2 _| 342
4
i 1
3 |- o
2 -
et | 294
\ .
9 -1
8 -
T -
6 -
sk -
A 1 ! R SR SR N N S G N1
‘900 1000 1100 1200 1300 1400 1800

IONIZER TEMPERATURE, Tq ,(°C)

3720-Final 322

Lol it

TT T

A

NEUTRAL FRACTION ,a ,(percent}
T

A ! 1

1ON CURRENT DENSITY, | ,(ma/cm?®)

FIG. 5-18 NEUTRAL FRACTION VS ION
CURRENT DENSITY FOR E3-~G-5,
1-44 IONIZER

FIG. 5-19

ION CURRENT DENSITY VS IONIZER
TEMPERATURE (T ) FOR E6-G-5,
3-64 IONIZER



~ r——

[

b omrem

[T

- — s s < 2t

ION CURRENT DENSITY, j, {(ma/cm®)

ION CURRENT DENSITY, j,(mc/cm?)

70 }
60 |-
50 |

40 -
30 -

20 |-

s O O ~NDWOWO

az40% B

a:30%

L1l

1

az.o% -1
&
-

| —
9 -
.8 -
T -
K- -
5| -
s 1 | 1 | (R RN NN T N S N
900 1000 1100 1200 1300 1400 1500
IONIZER TEMPERATURE, T¢ ,(°C)
FIG. 5-20 ION CURRENT DENSITY VS
IONIZER TEMPERATURE FOR
CONSTANT NEUTRAL EFFLUX
FOR E6-G-5, 3-6u IONIZER
'8 LS
80 ]
70 A
60 -
50 4
40 ~
T C
30 Doy Order ]
)/'-z [ ] 399
20

o & o O NODOWO

/‘f—“—z s |3

Lot gl

? 2 310

1 1gl

1

IS S DS NP S i
1000 nee 1200 [RT) K 1300
IONIZER ‘LMPERAMRE |, G
5-23

3720-Final

NEUTRAL FRACTION, a, (percent)

T T N T 1
201 ]
10~ p—
er 4
e .
‘ -
z -
l -
s .
2+ 4
K 1 1 Cod L 1 i
[ 2 4 6 8 10 2 40 60
JION CURRENT DENSITY, j,(ma/cm®)
FIG. 5-21 NEUTRAL FRACTION VS ION
CURRENT DENSITY FOR
E6-G-5, 3-64 IONIZER
FIG. 5-22

ION CURRENT DENSITY VS IONIZER
TEMPERATURE FOR E7A-G-8, 4-8u
IONIZER



NEUTRAL FRACTION, a, (percent)

-
o
| IR

H A O NODO

L)

TY'![I

L ] 1 | R N U |

0s O » Yoo

L")

|

1

Aot 1 111

Lol

1

1

1

ol

<
o

1000 1100 1200 1300
IONIZER TEMPERATURE, Tg,(°C)

1400

1500

FIG. 5-23 NEUTRAL FRACTION VS IONIZER
TEMPERATURE FOR E7A-G-8,

4-8. IONIZER

20 T

1 7
10 :- '__'
I “
:: | -
4 1.
E'F {
5 I ]
u
= | i
L -
K \ poa g el ) [ S
) 10 70
10N CURRENT DENSITY, }, (mo/em?)
3720-Final

5-24

ION CURRENT OENSITY, j,{mo/cm?)

30 |

80

70
60

50 +
49

30

20 -

S O N Nw®»OO

Wes OO ~NDW

ST S WS W 8

ial

! S VU DRI TR SR T SO S N |
00 1000 1HQO 1200 1300 1400 1500

ION:ZER TEMPERATURE, Ty ,(°C)

FIG, 5-24 1ION CURRENT DENSITY VS
IONIZER TEMPERATURE FOR
CONSTANT NEUTRAL EFFLUX
FOR E7A-G-8, 4-8i IONIZER

FIG. 5-25

NEUTRAL FRACTION VS ION
CURRENT DENSITY FOR E7A-G-8,
4-84 IONIZER



5.9 Performanc~ of Coarse (Commercial) Hz-Reduced Powder Ionizers
Because the first coarse (Philips Mcd. B) ionizer had poorer

performance than the previously-tested fine commercial ionizers (which
come in small sizes only), two ionizers were tested, A set cf data for
one of these ionizers is given in Figs., 5-26, 5-27, 5-28, and 5-29,
The other ionizer had identical performance, and, thzrefore, data curves
for it have not been included, Note that the two . curves followed the
theoretical slopes above IZOOOC.

5.10 Comparison of Performance of Sized Spherical Powder and
Philips Mod, B Structures

The lower ilon current critical temperatures, TCI’ in Fig, 5-30
for the twc types of finmer structures, are below the Langmuir data for
solid tungsten, The coarsest sized spherical powder and the coarse
commercial ionizer critical temperatures are about 100° higher, This
depends somewhat on the residual pressure, which was ir the low 10-'7
range for most of these tests,

A more meaningful comparison can be obtained from Fig, 5-31,
which demonstrates the amazing fact that only 1 percent of neutrals
was detected at 50 ma/cm2 (of ions) for E-3-G-5. For all sized 1-4
and 3-6u structures, @ was below 3 percent, Predominance of the data,
shown by the curves of Fig, 5-31, indicate that the slore of the E6-G-5
curve is too small. A probable explanation is that this ionizer was
not aged sufficiently when the neutral fraction measurements vere made
at low current densities, All fine (sized spherical powder) structures
achieved ion cutrent densiti:s of 50 ma/cmz.

In conclusion, the fine sized powder ionizers l.ave demonstrated
a far better performance than spherical powder or commercial ionizers

have previously shown,

3720-Final
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6, EFFECT OF Ta AND Cr ON THE SINTERING AND STRUCTURE OF SPHERICAL
TUNGSTEN POWDER
Toward the objective of increasing the thermsl stability of
spherical tungsten ionizers, three series of allcy compacts vere pre-
pared and evaluated with respect to sintering rate and microstructure,
Selection of tantalum as a diffusion retarder was based on work of

1 and on results obtained in the previous contractz.

Braun et al
While it was initially hoped to obtain full pore characterization on
the tungsten alloys selected, as well as an indication of ionization
performance, this was prevented by infiltration difficulties (to be

described subsequently),

6.1 Constituent Powders and Fabrication Method

Spherical powder fractions E7A and E4 (refer to Sections

2.2,1 and 2,4 for size and purity, respectively) were selected as the
base powders for the allcy compacts, Chromium powder from Alloy Metal
Powder, Inc, of Davenport, Iowa, was used., Its specified purity was
99.85 percent, min,, with 200 ppm O, 20 ppm N, and 1280 ppm of other
residuals, Tantalum powder, SGH Grade from National Research Corp,

of Newton, Massachusetts, was also used, A typical analysis of this
material indicated 99,98+ percent spectrographic purity, plus 1800
ppm O, 20 ppm N and 44 ppm C, Both the Cr and Ta powders used were
the purest that could be obtained in the fine particle size required.

The as-received tantalum and chromium powders were classified

in the Sharples K8 unit and analyzed by Micromerograph, Complete size

1, Braun, H,, Kieffer, R.,, and Sedaltschek, K., "Contributions to
the Technology of Tantalum-Tungsten Alloys', Chapter 19,
Plansee Proceedings, 1958,

2. Electro-Optlical Systems, Inc., Report 2150-Final on NAS 8-2547,
pages 3-32, 33 and 34, May 1963,



analyses data for all particle fractions obtained are listed in Table
6-I, Tantalum fractions BF (predominantly 1-3u) and EF (4-9), and
chromium fraction 1F (3-8u) were selected for use by mutual agreement
with the NASA Technical Manager,

Fabrication of the alloy compacts was performed in a manner
similar to that used for unalloyed compacts, with special emphasis on
thorough blending, Mixtures of W-4 A/o Cr, W-10, 15 and 20 A/o Ta
were calculated, After accurately weighing the component powder,
they were blended in sample jars at a tumbling speed judged to provide
the optimum lap-over action, For all compacts, except those of
Series No, 1, 3/16'"-dia, ball bearings were included in the blending
jars to provide Improved mixing action, Blending time for all powder
mixtures was 3 hours or greater, All alloy compacts were pressed
hydrostatically at 59000 psi in the standard barrel shape and sintered
at 2000 or 2200°C under 5 x 10-5_torr pressure,

6.2 Alloy Series No, 1
The E7A (4-8u) spherical tangsten powder base was used for
the first alloy series, Samples of W-4 A/o Cr, W-10, 15 and 20 A/o Ta

was sintered at 2000°C for incremental times totaling 240 minutes,

In addition to having very poor green strength, the surface appearance
of the sintered samples was not uniform, indicating inhomogeneity of
sintered density, The densities were determined, nonetheless, and

are reported in Table 6-II., Trends indicated here are as follows®

(a) Densification rate of W-4 Cr is higher than that of

the unalloyed base sample,

(b) All tantalum additions retarded densification rate,
the higher tantalum additions being the more retarding,

(c) The coarser (3-8u) tantalum additive has a greater
retarding effect on sintering than does the finer

(1-3p) tantalum (for equal percentage added).
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TABLE 6-11
Sintering Rate Data for W-Ta and Wscr Alloys
(Obtained for 2000 and 2200 °C)

Sintering Time at 5 x 10-5 torr,
gsten Additive minutes
ase Metal Lot 0 (as 15 30 60 120 240
wder pressed)
Sintered at 2000°C
I7TA Unalloyed 67.93 -— 72.23 74.15 76,94 .-
+-8p)
" 10 A/o Ta BF 71,93 68.25 70,30 72,35 73.14 74,20
(1-3u) ‘
" 15 A/o Ta " -k 62,51 67.13 68,56 69.14 70,05
" 20 A/o Ta " --k 60,20 62,88 65,18 65.45 66.42
" 10 A/o Ta EF --=¥ 61.98 66,14 67.61 68,56 69.46
(3-8u)
" 4 Alo Cr 1F -k 70,72 74,60 76,67 77.42 79.06
(3-74)
Sintered at 2200°C
i7A Unalloyed 69,38 --- 78.76 81,97 84,72 ---
+-8u)
TA 10 A/o Ta BF 72,30 68.51 69.35 70,88 72,46 74.99
(1-3p)
" 15 A/o Ta " 73.82 66,33 67.23 68,72 70,05 72,12
" 20 A/o Ta " 73.81 62.99 64,01 65.02 66,36 67.81
" 10 A/o Ta EF 69.56 65.24 66,03 67.51 68 .98 71,83
(3-8u) ‘

Coherence of pressed samples tco low for "green" density measurements,



The last trend appeared to be incorrect until it was again noted on

the 2nd alloy series, sintered at 2200°c,

The density samples were immersed in pure copper at ~1300°C
for 30 minutes under vacuum, Subsequent metallographic examination
indicated no infiltration of W-4 Cr and relatively shallqy infiltra-
tion of the W-Ta samples, Photomicrographs of the alloys are shown
in Fig, 6-1, excluding the 10 A/o Ta (3-8u) alloy which was particu-
larly inhomogeneous, The relatively large pores of this sample series
made metallographic polishing quite difficult, since the soft copper
of the pores polishes in relief, However, Fig, 6-1 does show that
agglomeration of the particles and width of the diffusion bridges
both decrease with increasing tantalum, The W-4 Cr structure at the
lower right contains no copper infiltrant; Having been sintered at
ZOOOOC, with melting of the chromium additive, large voids are apparent,
It is believed that the chromium liquation sealed the pore channels
and excluded the infiltrant, .

Based on the evidence that W-4 Cr, (1) sintered as rapidly
as unalloyed tungsten, (2) could not be infiltrated, and (3) would
reqﬁire very long sintering to reach 80 percent density at below the
melting point of Cr, no further study of this composition was indica-
ted to be advisable, Therefore, efforts were concentrated on the W-Ta

compositions,

6,3 Alloy Series No, 2

For the second W-Ta series, the same 4-8u tungsten powder

(E7A) was used, In preparing this series, precautions of vacuum dry-
ing the preweighed mixtures and of incorporating ball bearings in the
blending jars were taken, Subsequent examination of the structures
indicated that homogeneity was thereby increased, This sample series
was sintered for a total of 4 hours at 2200°C to achieve densities
closer to the 80 percent target, However, as the data of Table 6-II
show, the 4 hour - 2200° sinter yielded densities only slightly higher
than the 2000° sinter,



NEG. 1226 DENSITY = 74.20% NEG. 1225 DENSITY = 70.05%
W-10 A/o Ta W-15 A/o Ta

66.42% NEG. 1216 DENSITY = 79.06%

NEG, 1275 DENSITY
W-20 Afo Ta W-4 Afo Cr

FIG. 5-1 STRUCTURES OF TUNGSTEN ALLOYS, MADE FROM 4-8s TUNGSTEN MICROSPHERES,
1-34 TANTALUM AND 3-7u CHROMIUM POWDERS. ALLOYS WERE SINTERED AT
2000°C FOR 240 MINUTES (Mag. = 300X)



The 2200° sintering data are plotted in Fig, 6-2, Here the
markedly slower sintering rate of the tantalum alloys is compared witﬁ
that of the unalloyed tungsten base, Again, the higher tantalum con-
tents were the more effective in retarding sintering rate, and the
3-8y tantalum was more effective than the 1-3u particle additive, The
reason for the latter effect is not at all well understood, Another
very interesting feature of the W-Ta curves of Fig, 6-2 is the initial
decrease in density with time. It is believed to be caused by initial
rapid diffusion of tantalum into the lattice of the tungsten particles,
with a resulting expansion rather than the normal shrinkage, This be-
havior, typical of the Kirkendall effect, also indicates the reason

for the appearance of unduly large voids in the W-Ta structures,

The microstructures of the 2nd W-Ta series are shown in
Fig, 6-3, where the degree of sintering is seen to have decreased
markedly with increasing tantalum content, The efiect of the AZOOOC
sintering or particle growth is also apparent by comparing Fig, 6-3
with 6-1,

The hypothesis that large voids can be formed by the dif-
fusion of tantalum into tungsten particles is supported by the
micrographs of Fig. 6-4, These compare a W-10 Ta alloy, made using
3-8y Ta particles, with the same composition made from 1-3u Ta,

Voids in the 3-8j1 Ta sample are obviously much larger,

Figure 5-5 illustrates the structure of the W-20 Ta alloy
at 400, 1000, and 3000 x magnifications, The relatively narrow width
of the diffusion bridges is made evident by this figure, At 4000 x,
it nay be noted that each bridge is traversed by a grain boundary,
indicating that each constituent particle retains a distinct crystal-

lographic orientation,

6.4 Allcy Series No, 3
A third series of W-Ta alloys was prepared, wherein 2-5u
tungsten (Lot E4) was substituted for the 4-8u fraction (E7A)., This
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NEG. 1313 PURE TUNGSTEN
SINTERED 2 HRS. AT 2200°C
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NEG. 1304 3-81 Ta ADDED NEG. 1305 1-3u4 Ta ADDED
DENSITY = 71.8% DENSITY = 75.0%

COMPOSITION, W-10 A/o Ta
SINTERED 4 HRS. AT 2200°C

FIG. 6-4 EFFECT OF TANTALUM PARTICLE SIZE ON THE PORE STRUCTURE OF SINTERED
(4-84) TUNGSTEN MICROSPHERES (Mag. = 400X)
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FIG. 6-5 PORE STRUCTURE OF W-20 A/o Ta AT VARIOUS MAGNIFICATIONS
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substitution was made in order (1) to refine the pore size of the
resulting sintered material, and (2) to effect increased sintering
rates, such that the 80 percent target density could be achieved
within reasonable sintering time (less than 4 hours at 220000). Also,
for this W-Ta series, the 1-3u tantalum fraction (BF) was used in
preference to the 3-8u tantalum fraction (EF) in order to achieve

more homogeneous and finer porosity,

Sintering rates of the third alloy series are listed in
Table 6-1II and plotted on a semi-log scale in Fig., 6-6, Comparison
of Tables 6~III and 6~-II shows that the as-pressed densities of the
finer (2-5u) powder samples of Series 3 were consistently and signi-
ficantly lower than the pressed densities of the (4-8u) Series 2,
Further, the 4-hour sintered densities of Series 3 are also signi-
ficantly higher than those of Series 2, The marked increase in
sintering rate is due, obviously, to the higher free 2nergy surface
of the finer tungsten substituteﬁ, since all other conditions were
held constant, The curves of Fig, 6-6 indicate that the retarding
effect of tantalum on diffusion remains consistent with data derived
on the previous two series, However, sintering time to reach the
80 percent density level has been reduced to less than 4 hours at
2200°C. It is also very interesting to note that, with the finer
parent tungsten particles, a decrease in density (within the first
10 minutes of sintering) occurred only in W-20 Ta, as occasioned by
a slight volume expansion, The reason for the appreciable initial
expansion (Kirkendall effect) of the coarser (4-8u) powder and the

almost negligible expansion of the fine (2-5u) powder {s not known,

3720-Final 6-12



TABLE 6-I11

SINTERING RATE DATA FOR W-Ta ALLOYS
(Alloy Series No, 3)

Tungsten Sintering Time, min., at 2200°C under 5 x 10“5 torr
Base Additive 0 10 30 60 120 240
Powder Metal Lot (As-Pressed)
% Theoretical Density

E4 Unalloyed 65,49 78,29 85.54 88,55 91,30 93,58
(2-5u)

E4 10 A/o Ta BF 65,24 79,25 73.72 78.15 83,57 86.31
(2-5p) (1-3u)

E4 15 A/o Ta BF 66,38 67,23 71.91 74,56 81,09 83.43
(2-5p) (1-3u)

E4 20 A/o Ta BF 66,58 64,22 68,29 71.02 77.29 81,09
(2-5u) (1-3w)
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PERCENT OF MAXIMUM THEORETICAL DENSITY

PURE TUNGSTEN

W-10A/oTa —o=

62 | B J |
10 30 60 120 240 500

SINTERING TIiME AT 2200°C,{minutes)

FIG., 6-6 FEFFECT OF (1-34) TANTALUM PARTICLES ON 2200°C SINTERING
RATE OF (2-54) TUNGSTEN MICROSPHERES
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6.5 Preparation of Series No, 3 at 80 Percent Density

Standard barrel compacts, five each of the unalloyed 2-5u (E4)
powder and of the 10, 15, and 20 Ta powder mixtures had been pressed
initially. One compact of each composition was used for the density
study described in Section 6.4. The remaining total of 16 compacts
(4 of each composition) were vacuum sintered at 2200°C for the following
times, interpolated from previous densification rate curves (see Figs.

6-6 and 4-6) as being necessary to achieve 80 percent target density:

Sintering
Composition* Temp.,oC Time, min,
Unalloyed tungsten 1800 105
W - 10 A/O Ta 2200 67
W - 15 A/0 Ta 2200 97

W - 20 A/O Ta 2200 156

*2-54 tungsten, 1-3p tantalum

The unalloyed tungsten compacts were infiltrated successfully
with Cu-2 Fe under hydrogen. To determine whether the standard Cu-2 Fe
would penetrate W-Ta, 2 quartz capsules were prepared. Both were charged
with scrap pieces of sintered W-20 Ta. Pure copper was put into one cap-
sule and Cu-2 Fe into the other. Then the capsules were sealed under
vacuum., After being heated at 1300°C for 30 minutes, the test samples
were sectioned, They revealed somewhat shallower Cu than Cu-2 Fe pene-
tration. Thereupon, all 12 W-Ta compacts (4 of each composition) were
immersed in the Cu-2 Fe under vacuum,

At this juncture, metallographic samples were raken from the
ends of four compacts (one of each composition) and noninfiltrated com-
pact interiors were again noted. Structures of the unalloyed tungsten
and W-10 Ta compacts are compared in Fig. 6-7. These structures were
resolved in better detail than in previous attempts through use of a
final alternate etch-polish* technique. Comparison of the unallcyed

*Etchant -~ one part concentrated NH4034 + two parts Murakami's reagent.
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tungsten structure of Fig. 6-7 with that of the lower left micrograph
of Fig. 4-15 reveals the presence of fine pores which had not been
defined by previous polishing techniques. This demonstrates the pit-
falls ot placing complete reliance on optical analysis. Comparison

of the two micrographs of‘Fig. 6-7 indicates that considerable agglom-
eration of W-10 Ta occurred at the 2200°C sintering temperature, while
such agglomeration did not occur in the unalloyed tungsten (sintered

at only 180000). Because of this, the pore structure of the W-10 Ta is
less homogeneous than that of the unalloyed sample. In general, it

would appear that addition of tantalum in discrete particle form does

not yield ionizer pore structures as favorable as do tungsten micro-
spheres alone. This is not to say that application of tantalum &s

coatings on the tungsten microspheres will be ineffective. 1In fact,

all metallurgical indications point to this technique as being best,

Two more attempts were made to infiltrate the W-Ta alloys
at approximately 1200°C under vacuum. For these experiments, the
Ag-39.9 A/O0 Cu eutectic alloy was used. Its melting point of 779°C,
being 304° below that of Cu and 182° below that of Ag, indicates that
it should be more fluid at the 1200°C temperature of infiltration.
After the first immersion in Ag-Cu, it was observed that the interiors
of the samples were reasonably infiltrated, while the exteriors were
not. It was deduced from this that preferential oxidation of the sample
exteriors had occurred during processing, which oxidized surface zones
were not being wetted. The use of a parting layer ' Mg0O, which had
been used to prevent diffusion welding of the samples to the tungsten
sheet base during sintering, came under suspicion. New samples of
W-15 and 20 Ta were pressed and sintered without use of the MgO film,
When immersed subsequently in the Ag-Cu eutectic, wetting of the samples
was excellent and infiltration was undountedly very thorough; In retro-
spect, the reason for the infiltration difficulties becomes quite ap-
parent, At 2200°C, the MgO vaporized to react with tantalum. Free-
energy data from COughlin2 indicate that the following reaction is in

2,Coughlin, J. P., Bulletin 542, BuMines, 1954.
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equilibrium at about 2340°C and that it will proceed to the right at

higher temperatures:

5 MgO + 2 Ta === 5 Mg + TaZO5
~2340°C

However, the impaired wetability of W-Ta surfaces (when heated in

proximity with MgO) indicates that at least a tantalum suboxide, such
%8 Ta204, does form at 2200°C. Having determined the apparent reason
+ © the inability to obtain com: lete infiltration initially, it is

» :irely possible that satisfactory infiltration of W-Ta can be ob-

vained with the standard Cu-2 Fe infiltrant in the future.

6.6 Conclusions of Alloy Study

Considerable information was derived from this alloy study,
particularly on the W-Ta compositions. Conclusions are listed briefly
as follows:

1. A 4 A/O addition of chromium is not indicated to retard the
diffusion and sintering rate of spherical tungsten powder.
The nonunircrmity of pore structure of W-4 Cr, when sintered
at 2000°C, is attributable to melting of the chromium. Such
liquation cannot be tolerated in any sintering of powdered
metals,

2. Addition of tantalum to tungsten, even as articulate particles,
greatly retards diffusion and sintering rate.

3. W-Ta powder mixtures are appreciably more amenable to oxi-
dation than is pure tungsten powder. Results of this study
indicate that tantalum, e.g., can reduce MgO0 at 2200°¢.

The oxide layer formed by such reduction acts to preveﬁt sub-

sequent wetting and absorption of the infiltrant.

4, Three combinations of W-Ta particle sizes were investigated,

with results generally as follows:
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a. Coarse W + coarse Ta = lowest X coarsest least X

(fintering\ pore

rate / tructure) (agglomeration)

b. Coarse W + iine Ta =

¢, Fine W + fine Ta = highest finest X greatest
Characteristics marked with X, above, being most favorable
for the ionizer application, it becomes clear that optimum
characteristics cannot be achieved by starting with articulate
powder mixtures. It also becomes apparent that use of fine

Ta-coated microspheres offers the best probability of success.
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7. TEST SAMPLES FOR NASA-LEWIS

In accordance with Article I, Phase V of the Contract, Scope
of Work, samples of infiltrated tungsten and of tungsten alloys were
prepared for NASA, as described in the following subsections. These
have been submitted to the Contract Technical Manager,

7.1 Tungsten Samples from Phase II (All ~75 Percent Dense)

A/o Fe)

No. Powder - Base Date
Submitted Particle Size Infiltrant Submitted
2 4-8, Silver 11 Feb, 1964
2 4-8u Cu-2 A/o B 11 Feb, 1964
2 4-8u Cu-2 A/o Be il Feb, 1964
2 4-8u Cu-2 A/o Fe 11 Feb, 1964
2 4-8u Cu-2 A/o P 11 Feb., 1964
2 4-8u Cu-2 A/o Te 11 Feb, 1964
7.2 Tungsten Samples from Phase III (All Infiltrated with Cu-2
% Theoretical
No, Powder - Base Density (From Date
Submitted Particle Size Control Sample) Submitted
2 1-4p 78.24 29 Oct, 1963
2 3-6u 81,09 29 Oct, 1963
2 4-8u 78,45 29 Oct, 1963

Recommended distillation treatment; 15 minutes at 1500°¢c plus

45 minutes at 175000, under 10-5 torr pressure,

7.3 Alloy Samples from Phase IV (All ~80 Percent Dense)

No, Base Powder Lot Date
Submitted Tungsten Tantalum Infiltrant Submitted
2 E4 None Cu-2 A/o Fe ll‘Feb. 1964
2 E4 10 A/o BF(Ta) Ag-39.9 A/o Cu 11 Feb, 1964
2 E4 15 A/o BF(Ta) Ag-39.9 A/o Cu 11 Feb, 1964
2 E4 20 A/o BF(Ta) Ag-39,9 A/o Cu 11 Feb, 1964
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8. CONCLUSIONS AND RECOMMENDATIONS

Main conclusions, derived from the research, will be reviewed in
this section, together with recommendations where they are applicable.
This summary will be made in sequence, starting with procurement of
the powder and its classification, infiltration, pore characterization
of sintered tungsten, ionization performance of graded spherical ioni-

zers, and conclusions of the tungsten alloy study.

8.1 Procurement, Classification and Analysis of Tungsten Microspheres

A special fine grade of spherical powder was developed by the
Linde Co. for use in this contract. Powder refinement achieved is in-

dicated by the following frequency of minus 8u-dia. particles:

Percentage Percentage

by Weight by No.
Previous Coarse Grade 18.0 91 5
Special Fine Grade 90.0 99.9

This refinement ;s significant in that the narrower the size distribu-
tion of the feed powder, the narrower become the size fractions removed
subsequently by cyclonic air classification. Since the percentage of
unusable oversized powder is greatly reduced, an economy is also realized.
Having attempted to classify spherical tungsten powder by
three wet methods, and also to conduct size analyses by a wet electronic
method, it is concluded that such wet methods are ineffective because
of tungsten particle agglomeration., Dry methods of both classification
(cyclonic air) and size analyses (micromerograph) were found to be far
superior. Therefore, cyclonic air classification was employed to size
the basic powder required for work reported, and is recommended for
use in the future. Results indicated that, by performing duplex classi-
fication steps, predominant particle-frequency groupings were obtained

as follows:

3720-Final 8-1



Percentage by No, Within Dia. Range

89 1-4p
95 3-7p
88 4-9u

These frequencies are believed to represent the best present commercial
practice, such that achievement of narrower distribution spectra may
depend on first obtzining microspheres having greater as-produced size
uniformirty.

Analysis of fine spherical tungsten by micromerograph mini-
mizes the agglomeration problem encountered in Coulter electronic count-
ing and in slide dispersion samples (necessary for microscopic counting).
With the micromerograph, using explosive deagglomeration of dry powder,
it is still not possible to state that 100 percent dispersion is obtained.
However, the micromerograph must be recommended as being the most feasible
analytical tool from the standpéint of combined accuracy, speed and economy.

Spectrographic analyses indicated that the tungsten base powder
used in this work exceeded 99.94 percent purity. It is apparent that the
spectrographic method is most suitable for detecting the small residual
impurity levels. Carbon determinations by the conductometric method in-
dicated 115 and 60 parts per million for the coarse and fine spherical

powder grades, respectively.

8.2 Infiltration Study

A summary of the advantages and disadvantages of various com-

positions used to infiltrate tungsten is as follows:
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Infiltrant

Composition Main Advantage Main Disadvantage

Pure Ag Constant concentration Relatively high cost
of molten bath

Cu-2 A/o B Low residual B after B renders tungsten
distillation unmachinable

Cu-2 A/o Be Excellent machinability Comp, instability of molten

bath due to oxidation of Be
(also toxicity)

Cu-2 Ao Fe Excellent machinability None detected

Cu-2 A/o P Comp. stability of molten High residual P after
bath distillation

Cu-2 A/o Te No outstanding advantage or disadvantage

No differences were noted in the ability of the six compo-
sitiors to infiltrate porous tungsten. No significant differences in
microsi ucture or permeability of the variously infiltrated samples
were noted after the infiltrants were removed. Evidence was obtained
that boron diffuses rapidly into-tungsten, accompanied by a lowering
of the melting point, an increase in hardness, and a serious decrease
in machinability. The principal conclusion reached is that Cu-2 A/o Fe
is at least as effective as, or is better than, any of the other com-
positions included in this comparison study, Therefore, Cu-2 A/o Fe
was used as Lhe standard infiltrant in this contract and is recommended
for use in the future.

8.3 Characterization of Ionizers Prepared from Three Spherical
Powder Fractions

In fabricating the icnizer series several parameters were
held as constant as was feasible, while only one parameter was varied

intentionally:
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Constant Parameters Varied Parameter

Hydrostatic compaction and Particle size (distribution) of
pressure level spherical powder fractions

Compact size and configuration

Vacuum sintering and ambient
pressure level

Vacuum distillation conditions

Final density, surface finish
and purity

Evaluation of the spherical powder ionizers included deter-
mination of sintering rate and final density, measurement of mass
permeability coefficient, calculation of transmission coefficient
(plus necessary derivations), analysis of open and occluded pore vol-
ume by Hg intrusion, metallographic examination, determination of mean
pore size and pores/cmz, and spectrographic analysis of final purity,

Fabrication experiments on spherical powder fractions indi-
cate that the finer the initial spherical powder used, the lower the
pressed “green" density obtained. Further, the finer the powder, the
more rapid the sintering rate and the lower the thermal stability of
the ionizers obtained. These 6bservations are in agreement with theo-
retical expectations. Because of higher total free energy surface,
the finer powder fractions should be (and were) sintered at lower temp-
eratures than coarser fractions. Hence, care should be (and was) taken
not to exceed the powder-sintering temperature in post-sintering steps,
lest additional sintering, shrinkage, and structural changes occur,
Where the ionizer attachment operation makes overheating absolutely
necessary, time at peak temperature should be (and was) minimal.

Ionizer buttons from three powder size categories (each cate-
gory having three different surface finishes) were prepared. Average

density and permeability coefficients were determined to be as follows:
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E3 (1-44) Powder E6 (3-6u) Powder E7A (4-8u) Powder

Surface 6 6 6
Finish* Density Perm.x10 Density Perm.x10 Density Perm.x10
Lathe turned 80.10 0.18 79.75 0.24 80.26 0.42
Machine ground 80.88 0.21 80. 67 0.27 80.98 0.46
Polished 81.14 0.19 80.78 0.24 80.67 0.46
Overall average 80.71 0.19 80.51 0.25 80.66 0.45

*Finish: lathe turned = ~60 rms; machine ground = ~6 rms; polished = <1 rms.

Foregoing average values indicate that, sintered density being constant,
increasing the initial powder-particle size yields ionizers of increasing
permeabilities.

Plotting of individual '"density vs. permeability" values for
the nine ionizer categories indicated that surfacing by lathe causes
significantly more surface distortion and pore closure than does either
machine grinding or metallographic polishing. Surprisingly, such plots
indicate also that any pore closure resulting from machine grinding is
not significantly different from that resulting from metallographic
polishing. Based on these data, the machine-ground surface was selected
as the standard for all ionization performance testing.

Pore distribution analysis of ionizer material by mercury
intrusion was investigated in the present contract. Pore spectra
obtained on porous samples (of comparable densities) show a definite
shift to finer pore size distributions with the use of finer spherical
base powder. Based on careful pore counts at high magnification, the
average pore diameters were calculated, Mean pore diameter values
obtained were 3,83, 3.51, and 2.50 microns for sized spherical powders
of 6.9, 4.9, and 2.7 microns, avg. particle diameters, respectively.

For this same series, pore per cm2 were determined to be 1.64, 1.99,

and 4,01 x 106, respectively.
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Overall correlation of the data indicates that, as the initial
powder spectrum is shifted toward smaller particle sizes, the following
trends occur in the final ionizers:

1, Mean pore diameter decreases;
. Pore per unit area increase;

Volume of occluded pores increases slightly; and

oS ]

., Permeability and transmission coefficients decrease,

8.4 JIonization Performance of Classified Spherical-Powder Ionizers

Experimental data presented in this report show that ionization
performance is improved by decreasing ionizer pore size and increasing
density of pore packing. The classified spherical powder ionizers have
exceeded all expectations in their ionization performance, and have made
possible, for the first time, ion current densities of 30-60 ma/cmz.

Such high ion current densities were reached at the surprisingly low
neutral fraction levels of 1-3 percent at 50 ma/cmz. Critical tempera-

tures for the finer 1-4 and 3-6u spherical powder ionizers were lowest,

Based on the limited number of test buttons, the finest
spherical powder ionizers are indicated to perform far better than any
of the commercial porous iomizers, It would have been desirable to
test not only a greater number of classified powder icnizers, but also
a number of unclassified fine spherical powder ionizars, The excellent
ionization performance of the fine classified spherical powder ionizers
indicates their great potential for future application, assuming in
this that their thermal stability is adequate, or can be made so, by
the metallurgical techniques proposed for investigation in the follow-

on contract,
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8.5 Thermal Stabilization of Tungsten Microspheres by Alloying

The retarding effect of tantalum on the diffusion of tungsten,
observed under the preceding NASA contract as well as by other investi-
gators, has been verified. Addition of tantalum particles to spherical
tungsten powder markedly decreased sintering rates. Increasing the
tantalum added, over the range 10-20 atom percent, resulted in progres-
sively lower sintering rates, While the reason for the effect of tantalum
on diffusion rate is not known, results presented indicate that (at
2000-2200°C) tantalum particles diffuse very rapidly into their tung-
sten neighbors, with an attending expansion of the tungsten lattice.

The similarity of atomic size dictating the formation of substitutional
solid solutions, the speed of the initial diffusion is quite startling.
Photomicrographs presented indicate that the diffusion of tantalum into
tungsten particles leaves outsized voids, which voids destroy structural
homogeneity. The larger the size of tantalum particles added, the larger
these voids become. Experiments with three different combinations of
constituent parti-:le sizes indicate the following trends in final sintered

structure:

Coarse W + coarse Ta = lowest X coarsest lea. .« X

Coarse W + fine Ta = (sintering rate) (pore structure) (agglomeration)

Fine W + fine Ta = highest finest X greatest

The "X" designations, above, indicating the directions favorable for

best ionizer pore structures, it becomes apparent that the fabrication of
optimum structures from mixtures of tungsten and tantalum is not feasible.
The alternative, and that proposed for investigation in the follow-on
contract, is to use sufficiently fine spherical tungsten particles, in-
dividually coated with a thin layer of tantalum or other diffusion-
retarding element. This technique is expected to provide sintered
structures having improved thermal stability, as well as pore size

uhiformity comparable to the best unalloyed. tungsten,
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Addition of chromium to spherical tungsten powder did not
reduce subsequent diffusion and sintering rate. The very nonuniform
pore structure resulting is attributed largely to melting of the chrom-
ium at the 2000°C sintering level. Use of chromium as a stabilizing

addition to tungsten powder is not indicated to be beneficial.
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THE SHARPLES CORPORATION RESEARCH LABORATORIES

Classifier Technlcal Sales

K-8 Sharples Super Classifier Test Report No., 1374

Company: Electro-Optical Systems, Inc,
300 North Halstead Street
Pasadena, California

Test Date: May 20, 1963

Requirements

Separate the 9 lbs, of Lot E Spherical Tungsten powder into 1l-2 4,
4=5 + , and 7-8 4 fractions, with a goal to obtain 907% by number of the
particles within the desired groups.

Test

The K-8 Classifier was setup and the sequence of separations 1s
shown on the attached Table I. The Runs Nos. 1 and 2 are made at the
finest settings and producing & minus llf( (Fine Run 2) and the 1-2 A4
(Coarse Run 2) products using the minus 2 Vi (Fine Run 1) as a feed.

Runs 3 to 7A were made according to the following program: Using
the coarse fraction from Run 1 as a feed, and setting the Classifier
for a 3 micron cut, the Fine Run 3 is a 3 micron product. The coarse
from Run 3 was used as a feed for Run 3A which was made at the same
Classifier setting as Run 3. This product Fine 3A is also a 3 micron
product, but will be slightly coarser than Run 3 Fine. Run 4 was then
made at the 5 micron adjustment using Run 3A coarse as a feed, etc.

Micromerograph analyses of the products 2F, 2C, 3, 4, 4A, 5,
6, 7, and 7AC. The comparison shown between 4 and 4A gives an indi-
cation as to the amount of variation in the first pass and second pass
fine fractions.

Results & Conclusions

The analyses of the products show no significant change in the
slope of the curves, which is characteristic of the Classifier operation,
however, the top 107% and the bottom 107% (by weight) has been improved.
This 1s possible because of the second pass to remove the carryover
fines from the previous run,

-
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LABORATORIES: CHEMICAL~MECHANICAL—~METALLURGICAL~INSTRUMENTATION —NON DESTRUCTIVE—RESEARCH

MATERIALS TESTING LABORATORIES

DIVISION Oif MAGNAFLUX CORPORATION

G800 EAST WASHINGTON BOULEVARD
LOS ANGELES 22, CALIFORNIA

TeLEPHONE 885.6001

TO:
300 N, Halstead Street
Pasadena, California

ELECTRO-OPTICAL SYSTEMS, INC.

Date

MATERIAL

SPECIFICATION

Your P.O, No.

LABORATORY NO.

3282-4-1 § 3282-3-1

7-12-63

Tungsten Powder

CERTIFIED REPORT OF CHEMICAL ANALYSIS
QUANTITATIVE SPECTROGRAPHIC ANALYSIS

EOS Lot C

Lab, No. 3282-u4=]

Lab. No, 3282-3-1

ALL REPORTS ARE SUBMITTED AS THE CO

3720-Final

T omoa @ ams oz

EXTRACTS FROM OR REGARDING THEM, IS RESERVED PENDING OUR WRITTEN

Molybdenumesmanccsannns
Berylliume
Iron
Chromium
Calecium-
Nickel
Cobalt
Zirconiume
Copper-
Aluminum
Manganese
Boron
Total Other Elementsee=

%Less than
*%Not detected less than

WET ANALYSIS

Conductometric Carbone-

30 ppm
ppmi#
ppm#*
ppm¥#
ppm#
30 ppm#*
160 ppmh&
100 ppm#*&
3 ppmik

30
10

1 ppmis
10 ppmit
200 ppm#*

114.8 ppm

uﬂuut:zéfnuunﬁ E
4 Ly
= Rl

_30829 Shipper #D 1016 _

NFIDENTIAL PROPERTY OF CLIENTS. AUTHORIZATION FOR PUBLICATION OF OUR REPORTS, CONCLUBIONS, OR,

A-7

APPROVAL AS A MUTUAL PROTECTION TO GLIENTS, THR PUBLIC AND OURSELVES.



LABORATORIES: CHEMICAL—MECHANICAL—METALLURGICAL~INSTRUMENTATION—~NON DESTRUCTIVE—-RESEARCH

MATERIALS TESTING LABORATORIES

DIVISION OF MAGNAFLUX CORPORATION

6800 EAsT WASHINGTON BOULEVARD
LOs ANGELES 22, CALIFORNIA

TELEPHONE 683-6001

LABORATORY No. 3282=4=2 § 3282«3«2

10: ELECTRO-OPTICAL SYSTEMS, INC,
DATE 7-12-63

MATERIAL Tungsten Powder

SPECIFICATION

Your P.O. No. 30829 Shipper # D 1016

CERTIFIED REPORT OF CHEMICAL ANALYSIS
QUANTITATIVE SPECTROGRAPHIC ANALYSIS

3282-4=2

EOS Lot E
Molybdenum 30 ppm
Beryllium 1 ppmi#*
Iron 30 ppm*
Chromium- 10 ppm#%
Calcium= 1 ppnm
Nickel 30 ppmtk
Cobalt 100 ppm*k
Zirconium 100 ppmis
Copper- 20 ppm
Aluminume 3  ppmik
Manganese 1 ppmik
Boron 10 ppmks#
Total Other Elements=we«= 200 ppm*
ALess than
Mot detected less than

WET_ANALYSIS

3282~3-2

Conductometric Carbone=-- 60,4 ppm

RESPECYEYLLY SUPMITTED

e / tf:‘(/
MATERIALE TEST) LABORATORIES

ALL REPORTS ARE SUBMITTED AS THE CONFIDENTIAL PROPERTY OF CLIENTS. AUTHORIZATION FOR PUBLICATION OF OUR AEPORTS, CONCLUSIONS, OR,
EXTRACTS FROM OR REGARDING THEM, IS RESERVED PENDING OUR WRITTEN APPROVAL AS A MUTUAL PROTECTION TO CLIENTS, THE PUBLIC AND OURSELVES

1790-Fin 1 1.8



LABORATORIES: CHEMICAL~MECHANICAL —~METALLURGICAL—INSTRUMENTATION ~NON DESTRUCTIVE—RESEARCH

MATERIALS TESTlNG\L‘ABORATORIES

DIVISION OF MAGNAFLUX CORPORATION

6800 EAST WASHINGTON BOULEVARD
LOS ANGELES 22, CALIFORNIA

TELEPHONE 683-86001

TO:  ELECTRO-OPTICAL SYSTEMS, INC. LABORATORY NO.  12383mlul, 2, 3, § 4

300 N, Halstead Street
Pasadena, California Date 12-26-53

MATERIAL Tm gs-'cen

SPECIFICATION [ ——

Your P.O. No. 25 gqgﬁ 32322_3._2. g g g! 1

CERTIFIED REPORT OF CHEMICAL ANALYSIS
SPECTROGRAPHIC ANALYSIS

Lab Nos, 12383=4~1 12383=4.2 12383wk-3 123834l
Identification: EOS~E3 E0S-E6 EOS=-7A EOS~P, ¥,MOD-B
ELEMENT PPM PPM PPM PPM
Tungsten Bal, Bal. Bal, Bal,
Molybdenum 200%* 200% 200% 200#*
Beryllium 1,0% 1.0% — 1,0%
Iron 170%% 165%% 9% 290
Chromium 10,0% 10,0% 10,0% 10%
Calcium 1,0% 1,0% 1,0% 1,0%
Nickel 10% 10* 10#% 10%
Cobalt s50% 50% 50% 50%
Zirconium 30,0% 30,0% 30,0 30%
Copper 10# 10% 10% 10#
Aluminum 1.0% 1,0% 1,0% 1,0%
Manganese 1,0# 1,0% 1,0% 1,0%
Boron 10% 10% 10% 10%
Total Other
Elements 200% 200% 200% 200#%

3720-Final

ot detected less than

*%Corrected values are averages of
3 tests, Revision approved by
E. Duran of MTL.

MATIRIALS YESTING KABORATORHS

ALL REPORTS ARE SUBMITTED AS THE SONFIDENTIAL PROPERTY OF CLIENTS. AUTHORIZATION FOR PUBL'CATION
EXTRACTS FROM OR REGARDING THEM, II‘R‘.lRV!D PEINDING OUR WRITTEN APPROVAL AS A MUTUAL PROTECTION TO CLIENTS, THE PUBSLIC AND OURSELVES.

A-9

OFf OUR REPORTS, CONCLUSIONS, OR,
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